
CONSTRUCTION MATERIALS

Topic Objective:

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

 Define the concept of material

 Understand the strength of material and its strengthening mechanism

 Discuss different stress terms

Definition/Overview:

Concept of Material: In materials science, the strength of a material refers to the material's

ability to resist an applied force.

Key Points:

1. Strength of Material

A material's strength is a function of engineering processes, and scientists employ a variety

of strengthening mechanisms to alter the strength of a material. These mechanisms include

work hardening, solid solution strengthening, precipitation hardening and grain boundary

strengthening and can be quantified and qualitatively explained. However, strengthening

mechanisms are accompanied by the caveat that mechanical properties of the material may

degenerate in an attempt to make the material stronger. For example, in grain boundary

strengthening, although yield strength is maximized with decreasing grain size, ultimately,

very small grain sizes make the material brittle. In general, the yield strength of a material is

an adequate indicator of the material's mechanical strength. Considered in tandem with the

fact that the yield strength is the parameter that predicts plastic deformation in the material,

one can make informed decisions on how to increase the strength of a material depending its
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microstructural properties and the desired end effect. Strength is considered in terms of

compressive strength, tensile strength, and shear strength, namely the limit states of

compressive stress, tensile stress and shear stress, respectively. The effects of dynamic

loading are probably the most important practical part of the strength of materials, especially

the problem of fatigue. Repeated loading often initiates brittle cracks, which grow slowly

until failure occurs.

2. Stress terms

Where, F is the force (N) acting on an area A (m^2). The area can be the undeformed area or

the deformed area, depending on whether engineering stress or true stress is used.

2.1. Compressive stress

Compressive stress (or compression) is the stress state when the material

(compression member) tends to compact. A simple case of compression is the

uniaxial compression induced by the action of opposite, pushing forces. Compressive

strength for materials is generally higher than that of tensile stress, but geometry is

very important in the analysis, as compressive stress can lead to buckling.

2.2. Tensile stress

Tensile stress is a loading that tends to produce stretching of a material by the

application of axially directed pulling forces. Any material which falls into the

"elastic" category can generally tolerate mild tensile stresses while materials such as

ceramics and brittle alloys are very succeptable to failure under the same conditions.

If a material is stressed beyond its limits, it will fail. The failure mode, either ductile

or brittle, is based mostly on the microstructure of the material. Some Steel alloys are

examples of materials with high tensile strength.
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2.3. Shear stress

Shear stress is caused when a force is applied to produce a sliding failure of a material

along a plane that is parallel to the direction of the applied force. An example is

cutting paper with scissors.

3. Strength terms

3.1. Yield strength

Yield strength is the lowest stress that gives permanent deformation in a material. In

some materials, like aluminium alloys, the point of yielding is hard to define, thus it is

usually given as the stress required causing 0.2% plastic strain.

3.2. Compressive strength

Compressive strength is a limit state of compressive stress that leads to compressive

failure in the manner of ductile failure (infinite theoretical yield) or in the manner of

brittle failure

3.3. Tensile strength or ultimate tensile strength

Tensile strength or ultimate tensile strength is a limit state of tensile stress that leads

to tensile failure in the manner of ductile failure (yield as the first stage of failure,

some hardening in the second stage and break after a possible "neck" formation) or in

the manner of brittle failure (sudden breaking in two or more pieces with a low stress

state). Tensile strength can be given as either true stress or engineering stress.

3.4. Fatigue strength

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

3
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Fatigue strength is a measure of the strength of a material or a component under

cyclic loading, and is usually more difficult to assess than the static strength

measures. Fatigue strength is given as stress amplitude or stress range (Δσ = σmax −

σmin), usually at zero mean stress, along with the number of cycles to failure.

3.5. Impact strength

Impact strength, it is the capability of the material in withstanding by the suddenly

applied loads in terms of energy. Often measured with the Izod impact strength test or

Charpy impact test, both of which measure the impact energy required to fracture a

sample.

4. Strain (deformation) terms

4.1. Deformation

Deformation of the material is the change in geometry when stress is applied (in the

form of force loading, gravitational field, acceleration, thermal expansion, etc.).

Deformation is expressed by the displacement field of the material.

4.2. Strain

Strain or reduced deformation is a mathematical term to express the trend of the

deformation change among the material field. For uniaxial loading - displacements of

a specimen (for example a bar element) it is expressed as the quotient of the

displacement and the length of the specimen. For 3D displacement fields it is

expressed as derivatives of displacement functions in terms of a second order tensor

(with 6 independent elements).

4.3. Deflection

Deflection is a term to describe the magnitude to which a structural element bends

under a load.
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5. Stress-strain relations

5.1. Elasticity

Elasticity is the ability of a material to return to its previous shape after stress is

released. In many materials, the relation between applied stress and the resulting

strain is directly proportional (up to a certain limit), and a graph representing those

two quantities is a straight line. The slope of this line is known as Young's Modulus,

or the "Modulus of Elasticity." The Modulus of Elasticity can be used to determine

stress-strain relationships in the linear-elastic portion of the stress-strain curve. The

linear-elastic region is taken to be between 0 and 0.2% strain, and is defined as the

region of strain in which no yielding (permanent deformation) occurs.

5.2. Plasticity

Plasticity or plastic deformation is the opposite of elastic deformation and is accepted

as unrecoverable strain. Plastic deformation is retained even after the relaxation of the

applied stress. Most materials in the linear-elastic category are usually capable of

plastic deformation. Brittle materials, like ceramics, do not experience any plastic

deformation and will fracture under relatively low stress. Materials such as metals

usually experience a small amount of plastic deformation before failure while soft or

ductile polymers will plasticly deform much more. Consider the difference between a

fresh carrot and chewed bubble gum. The carrot will stretch very little before

breaking, but nevertheless will still stretch. The chewed bubble gum, on the other

hand, will plasticly deform enormously before finally breaking.

6. Design terms

Ultimate strength is an attribute directly related to a material, rather than just specific

specimen of the material, and as such is quoted force per unit of cross section area (N/m). For
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example, the ultimate tensile strength (UTS) of AISI 1018 Steel is 440 MN/m. In general, the

SI unit of stress is the pascal, where 1 Pa = 1 N/m. In Imperial units, the unit of stress is

given as lbf/in or pounds-force per square inch. This unit is often abbreviated as psi. One

thousand psi is abbreviated ksi. Factor of safety is a design constraint that an engineered

component or structure must achieve. FS = UTS / R, where FS: the Factor of Safety, R: The

applied stress, and UTS: the Ultimate force (or stress). Margin of Safety is also sometimes

used to as design constraint.

Topic Objective:

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

 Define the term plane

 Discuss the mechanism of three dimensions

 Understand the plane with a point and a normal vector and the derivation of formula.

Definition/Overview:

Plane: In mathematics, a plane is a two-dimensional manifold or surface that is perfectly flat.

Informally, it can be thought of as an infinitely vast and infinitesimally thin sheet oriented in

some space. Formally, it is an affine space of dimension two. When working in two-dimensional

Euclidean space, the definite article is used, the plane, to refer to the whole space. Many

fundamental tasks in geometry, trigonometry, and graphing are performed in two-dimensional

space, or in other words, in the plane. A lot of mathematics can be and has been performed in the

plane, notably in the areas of geometry, trigonometry, graph theory and graphing. All two-

dimensional figures are assumed to be on a plane, even on the plane, unless otherwise specified.

Key Points:
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1. Euclidean geometry

In Euclidean space a plane is a surface such that, given any two distinct points on the surface,

the surface also contains the unique straight line that passes through those points. The

fundamental structure of two such planes will always be the same. In mathematics this is

described as topological equivalence. Informally though, it means that any two planes look

the same. A plane can be uniquely determined by any of the following (sets of) objects:

 three non-collinear points (i.e., not lying on the same line)

 a line and a point not on the line

 two lines with one point of intersection

 two parallel lines

2. Orientation

Like lines, planes can be parallel or intersecting. Differing from lines, however, planes

cannot be skew. Lines drawn on two parallel planes will either be parallel or skew, but will

not intersect. Intersecting planes may be perpendicular, or may form any number of other

angles.

3. Planes embedded in R3

This section is specifically concerned with planes embedded in three dimensions:

specifically, in ℝ3.

3.1. Properties

In three-dimensional Euclidean space, we may exploit the following facts that do not

hold in higher dimensions:

o Two planes are either parallel or they intersect in a line.

o A line is either parallel to a plane or intersects it at a single point or is contained in

the plane.

o Two lines perpendicular to the same plane must be parallel to each other.

o Two planes perpendicular to the same line must be parallel to each other.
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4. A plane with a point and a normal vector

In a three-dimensional space, another important way of defining a plane is by specifying a

point and a normal vector to the plane.

Let be the point we wish to lie in the plane, and let be a nonzero normal vector to the

plane. The desired plane is the set of all points such that

If we write , and d as the dot product , then the plane

Π is determined by the condition , where a, b, c and d are real

numbers and a,b, and c are not all zero.

Alternatively, a plane may be described parametrically as the set of all points of the form

where s and t range over all real numbers, and , and are given vectors

defining the plane. points from the origin to an arbitrary point on the plane, and and

can be visualized as starting at and pointing in different directions along the plane. and

can, but do not have to be perpendicular (but they cannot be collinear).

5. A plane through three points

The plane passing through three points , and

can be defined as the set of all points (x,y,z) that satisfy the following

determinant equations:

To describe the plane as an equation in the form ax + by + cz + d = 0, solve the following

system of equations:
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This system can be solved using Cramer's Rule and basic matrix manipulations.

These equations are parametric in d. Setting d equal to any non-zero number and substituting

it into these equations will yield one solution set.

This plane can also be described by the "point and a normal vector" prescription above. A

suitable normal vector is given by the cross product and

the point can be taken to be any of given points or .

6. Distance from a point to a plane

For a plane and a point not necessarily

lying on the plane, the shortest distance from to the plane is:

It follows that lies in the plane if and only if D=0.

If meaning that a, b and c are normalized then the equation becomes:

7. Line of intersection between two planes

Given intersecting planes described by and , the line

of intersection is perpendicular to both and and thus parallel to . This cross

product is zero only if the planes are parallel, and are therefore non-intersecting or

coincident.
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Any point in space may be written as, since is a basis. In this

equation, c3 is the line's parameter, and c1 and c2 are constants. By taking the dot product of

this equation against and , and by noting that , we obtain two scalar

equations that may be solved for {c1,c2}. If we further assume that and are

orthonormal then the closest point on the line of intersection to the origin is

.

8. Dihedral angle

Given two intersecting planes described by and , the

dihedral angle between them is defined to be the angle α between their normal directions:

9. Planes in various areas of mathematics

In addition to its familiar geometric structure, with isomorphisms that are isometries with

respect to the usual inner product, the plane may be viewed at various other levels of

abstraction. Each level of abstraction corresponds to a specific category. At one extreme, all

geometrical and metric concepts may be dropped to leave the topological plane, which may

be thought of as an idealised homotopically trivial infinite rubber sheet, which retains a

notion of proximity, but has no distances. The topological plane has a concept of a linear

path, but no concept of a straight line. The topological plane, or its equivalent the open disc,

is the basic topological neighbourhood used to construct surfaces (or 2-manifolds) classified

in low-dimensional topology. Isomorphisms of the topological plane are all continuous

bijections. The topological plane is the natural context for the branch of graph theory that

deals with planar graphs, and results such as the four color theorem.

The plane may also be viewed as an affine space, whose isomorphisms are combinations of

translations and non-singular linear maps. From this viewpoint there are no distances, but
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colinearity and ratios of distances on any line are preserved. Differential geometry views a

plane as a 2-dimensional real manifold, a topological plane which is provided with a

differential structure. Again in this case, there is no notion of distance, but there is now a

concept of smoothness of maps, for example a differentiable or smooth path (depending on

the type of differential structure applied). The isomorphisms in this case are bijections with

the chosen degree of differentiability. In the opposite direction of abstraction, we may apply

a compatible field structure to the geometric plane, giving rise to the complex plane and the

major area of complex analysis. The complex field has only two isomorphisms that leave the

real line fixed, the identity and conjugation.

In the same way as in the real case, the plane may also be viewed as the simplest, one-

dimensional (over the complex numbers) complex manifold, sometimes called the complex

line. However, this viewpoint contrasts sharply with the case of the plane as a 2-dimensional

real manifold. The isomorphisms are all conformal bijections of the complex plane, but the

only possibilities are maps that correspond to the composition of a multiplication by a

complex number and a translation. In addition, the Euclidean geometry (which has zero

curvature everywhere) is not the only geometry that the plane may have. The plane may be

given a spherical geometry by using the stereographic projection. This can be thought of as

placing a sphere on the plane (just like a ball on the floor), removing the top point, and

projecting the sphere onto the plane from this point). This is one of the projections that may

be used in making a flat map of part of the Earth's surface. The resulting geometry has

constant positive curvature. Alternatively, the plane can also be given a metric which gives it

constant negative curvature giving the hyperbolic plane. The latter possibility finds an

application in the theory of special relativity in the simplified case where there are two

spatial dimensions and one time dimension. (The hyperbolic plane is a timelike hypersurface

in three-dimensional Minkowski space.)

10. Planes in Fiction

The 1884 novel Flatland by Edwin A. Abbott features the concept of a geometric, two

dimensional infinite plane inhabited by living geometric figures (triangles, squares, circles,
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etc.). It has been described by Isaac Asimov, in his foreword to the Signet Classics 1984

edition, as "the best introduction one can find into the manner of perceiving dimensions."

Topic Objective:

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

 Define the term equilibrium and its concurrent forces in a plane

 Discuss mechanical equilibrium and necessary And Sufficient Conditions for mechanical

equilibrium

 Describe the consequences to the stability of the equilibrium state

Definition/Overview:

Equilibrium: Equilibrium is a state in which the sum of the forces, and torque, on each particle

of the system is zero

Key Points:

1. Equilibrium

If the force system acting on a body produces no external effect, the forces are said to be in

balance and the body experience no change in motion is said to be in equilibrium. The

process of reducing a force system to a simpler equivalent stem is called a reduction. The

process of expanding a force or a force system into a less simple equivalent system is called a

resolution. A force is a vector quantity that, when applied to some rigid body, has a tendency

to produce translation (movement in a straight line) or translation and rotation of body. When

problems are given, a force may also be referred to as a load or weight. Characteristics of

force are the magnitude, direction (orientation) and point of application.
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2. Mechanical Equlibrium

Mechanical equilibrium for a particle is the necessary and sufficient conditions for a particle

to be in mechanical equilibrium are that the net force acting upon the particle is zero. The

necessary conditions for mechanical equilibrium for a system of particles are:

 The vector sum of all external forces is zero;

 The sum of the moments of all external forces about any line is zero.

3. Necessary And Sufficient Conditions for mechanical equilibrium

As applied to a rigid body, the necessary and sufficient conditions become:

A rigid body is in mechanical equilibrium when the sum of all forces on all particles of the

system is zero, and also the sum of all torques on all particles of the system is zero. A rigid

body in mechanical equilibrium is undergoing neither linear nor rotational acceleration;

however it could be translating or rotating at a constant velocity. However, this definition is

of little use in continuum mechanics, for which the idea of a particle is foreign. In addition,

this definition gives no information as to one of the most important and interesting aspects of

equilibrium states their stability.

An alternative definition of equilibrium that applies to conservative systems and often proves

more useful is a system in mechanical equilibrium if its position in configuration space is a

point at which the gradient with respect to the generalized coordinates of the potential energy

is zero. Because of the fundamental relationship between force and energy, this definition is

equivalent to the first definition. However, the definition involving energy can be readily

extended to yield information about the stability of the equilibrium state. For example, from

elementary calculus, we know that a necessary condition for a local minimum or a maximum

of a differentiable function is a vanishing first derivative (that is, the first derivative is

becoming zero). To determine whether a point is a minimum or maximum, one may be able

to use the second derivative test. The consequences to the stability of the equilibrium state

are as follows:

 Second derivative < 0: The potential energy is at a local maximum, which means that the system

is in an unstable equilibrium state. If the system is displaced an arbitrarily small distance from

the equilibrium state, the forces of the system cause it to move even farther away.
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 Second derivative > 0: The potential energy is at a local minimum. This is a stable equilibrium.

The response to a small perturbation is forces that tend to restore the equilibrium. If more than

one stable equilibrium state is possible for a system, any equilibria whose potential energy is

higher than the absolute minimum represent metastable states.

 Second derivative = 0 or does not exist: The second derivative test fails, and one must typically

resort to using the first derivative test. Both of the previous results are still possible, as is a third:

this could be a region in which the energy does not vary, in which case the equilibrium is called

neutral or indifferent or marginally stable. To lowest order, if the system is displaced a small

amount, it will stay in the new state.

In more than one dimension, it is possible to get different results in different directions, for

example stability with respect to displacements in the x-direction but instability in the y-

direction, a case known as a saddle point. Without further qualification, equilibrium is stable

only if it is stable in all directions. The special case of mechanical equilibrium of a stationary

object is static equilibrium. A paperweight on a desk would be in static equilibrium. The

minimal number of static equilibria of homogeneous, convex bodies (when resting under

gravity on a horizontal surface) is of special interest. In the planar case, the minimal number

is 4, while in three dimensions one can build an object with just one stable and one unstable

balance point, this is called Gomboc. A child sliding down a slide at constant speed would be

in mechanical equilibrium, but not in static equilibrium.

Topic Objective:

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

 Define the term force and plane

 Discuss scalar quantity and Euclidean geometry

 Highlight Newtons law of gravitation
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Definition/Overview:

Force: A force is that which can cause an object with mass to accelerate.

Plane: A plane is a flat surface. Planes can arise as subspaces of some higher dimensional space,

as with the walls of a room, or they may enjoy an independent existence in their own right, as in

the setting of Euclidean geometry.

Key Points:

1. Scalar Quantity

Scalar Quantity has magnitude only (not direction) and can be indicated by a point on a scale.

Temperature, mass, time and dollars are examples of scalar quantities. Vector Quantities

have magnitude and direction. Examples are wind velocity, distance between to points on a

map and forces.

2. Euclidean geometry

Euclid set forth the first known axiomatic treatment of geometry. This means that Euclid

selected a small core of undefined terms (called common notions) and postulates (or axioms)

and he then uses these to prove the geometrical statements. Euclid's Axioms had minor flaws,

which were later corrected by David Hilbert, George Birkhoff, and Alfred Tarski. The plane

is not directly given a definition, may be thought of as part of the common notions. More

formally it may be regarded as anything that satisfies the axioms for Euclidean geometry. In

his work Euclid never makes use of a numbers to measure length, angle, or area. In this way

the Euclidean plane is not quite the same as the Cartesian plane. In higher dimensional

Euclidean space, a plane inside this space can be uniquely determined by any of the

following (sets of) objects:

 three non-collinear points (i.e., not lying on the same line)

 a line and a point not on the line
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 two lines with one point of intersection

 two parallel lines

3. Forces

Current understanding of quantum mechanics and the standard model of particle physics

associates forces with the fundamental interactions accompanying the emission or absorption

of gauge bosons. Only four fundamental interactions are known: in order of decreasing

strength, they are: strong, electromagnetic, weak, and gravitational.High-energy particle

physics observations made during the 1970s and 1980s confirmed that the weak and

electromagnetic forces are expressions of a unified electroweak interaction. Einstein in his

theory of general relativity explained that gravity is an attribute of the curvature of space-

time.

4. Gravity

Newton came to realize that the effects of gravity might be observed in different ways at

larger distances. In particular, Newton determined that the acceleration of the Moon around

the Earth could be ascribed to the same force of gravity if the acceleration due to gravity

decreased as an inverse square law. Further, Newton realized that the acceleration due to

gravity is proportional to the mass of the attracting body. Combining these ideas gives a

formula that relates the mass ( ) and the radius ( ) of the Earth to the gravitational

acceleration:

Where, the vector direction is given by , the unit vector directed outward from the center of

the Earth.

In this equation, a dimensional constant G is used to describe the relative strength of gravity.

This constant has come to be known as Newton's Universal Gravitation Constant, though its

value was unknown in Newton's lifetime. Not until 1798 was Henry Cavendish able to make
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the first measurement of G using a torsion balance; this was widely reported in the press as a

measurement of the mass of the Earth since knowing the G could allow one to solve for the

Earth's mass given the above equation. Newton, however, realized that since all celestial

bodies followed the same laws of motion, his law of gravity had to be universal. Succinctly

stated, Newton's Law of Gravitation states that the force on a spherical object of mass m1

due to the gravitational pull of mass m2 is:

Where, r is the distance between the two objects' centers of mass and is the unit vector

pointed in the direction away from the center of the first object toward the center of the

second object. This formula was powerful enough to stand as the basis for all subsequent

descriptions of motion within the solar system until the twentieth century. During that time,

sophisticated methods of perturbation analysis were invented to calculate the deviations of

orbits due to the influence of multiple bodies on a planet, moon, comet, or asteroid. The

formalism was exact enough to allow mathematicians to predict the existence of the planet

Neptune before it was observed.

It was only the orbit of the planet Mercury that Newton's Law of Gravitation seemed not to

fully explain. Some astrophysicists predicted the existence of another planet (Vulcan) that

would explain the discrepancies; however, despite some early indications, no such planet

could be found. When Albert Einstein finally formulated his theory of general relativity (GR)

he turned his attention to the problem of Mercury's orbit and found that his theory added a

correction which could account for the discrepancy. This was the first time that Newton's

Theory of Gravity had been shown to be less correct than an alternative.

Since then, and so far, general relativity has been acknowledged as the theory which best

explains gravity. In GR, gravitation is not viewed as a force, but rather, objects moving freely

in gravitational fields travel under their own inertia in straight lines through curved space-

time defined as the shortest space-time path between two space-time events. From the
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perspective of the object, all motion occurs as if there were no gravitation whatsoever. It is

only when observing the motion in a global sense that the curvature of space-time can be

observed and the force is inferred from the object's curved path. Thus, the straight line path

in space-time is seen as a curved line in space, and it is called the ballistic trajectory of the

object. For example, a basketball thrown from the ground moves in a parabola, as it is in a

uniform gravitational field. Its space-time trajectory (when the extra ct dimension is added) is

almost a straight line, slightly curved (with the radius of curvature of the order of few light-

years). The time derivative of the changing momentum of the object is what we label as

"gravitational force".

In Section 2 of this course you will cover these topics:
Equilibrium Of A Rigid Body

Force Analysis Of Structures And Machines

Forces In Space

Friction

You may take as much time as you want to complete the topic coverd in section 2.
There is no time limit to finish any Section, However you must finish All Sections before

semester end date.

If you want to continue remaining courses later, you may save the course and leave.
You can continue later as per your convenience and this course will be avalible in your

area to save and continue later.

Topic Objective:

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

 Define rigid body in structural engineering

 Describe Kinematics and its relation with construction management
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Definition/Overview:

Rigid Body: A rigid body is an idealization of a solid body of finite size in which deformation

is neglected. In other words, the distance between any two given points of a rigid body remains

constant in time regardless of external forces exerted on it. In classical mechanics a rigid body is

usually considered as a continuous mass distribution, while in quantum mechanics a rigid body is

usually thought of as a collection of point masses. For instance, in quantum mechanics molecules

(consisting of the point masses: electrons and nuclei) are often seen as rigid bodies

Key Points:

1. Kinematics

1.1. Position

The position of a rigid body can be described by a combination of a translation and a

rotation from a given reference position. For this purpose a reference frame is chosen

that is rigidly connected to the body. This is typically referred to as a "local"

reference frame (L). The position of its origin and the orientation of its axes with

respect to a given "global" or "world" reference frame (G) represent the position of

the body. The position of G not necessarily coincides with the initial position of L.

Thus, the position of a rigid body has two components: linear and angular,

respectively. Each can be represented by a vector. The angular position is also called

orientation. There are several methods to describe numerically the orientation of a

rigid body. In general, if the rigid body moves, both its linear and angular position

vary with time. In the kinematic sense, these changes are referred to as translation and

rotation, respectively. All the points of the body change their position during a

rotation about a fixed axis, except for those lying on the rotation axis. If the rigid

body has any rotational symmetry, not all orientations are distinguishable, except by

observing how the orientation evolves in time from a known starting orientation. In

two dimensions the situation is similar. In one dimension a "rigid body" can not move

(continuously change) from one orientation to the other.
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2. Other quantities

If C is the origin of the local reference frame L,

 the (linear or translational) velocity of a rigid body is defined as the velocity of C;

 the (linear or translational) acceleration of a rigid body is defined as the acceleration of C

(sometimes referred at material acceleration);

 the angular (or rotational) velocity of a rigid body is defined as the time derivative of its angular

position;

 the angular (or rotational) acceleration of a rigid body is defined as the time derivative of its

angular velocity;

 the spatial or twist acceleration of a rigid body is defined as the spatial acceleration of C (as

opposed to material acceleration above);

For any point/particle of a moving rigid body we have

Where,

 represents the position of the point/particle with respect to the reference point of the body in

terms of the local frame L (the rigidity of the body means that this does not depend on time)

 represents the position of the point/particle at time

 represents the position of the reference point of the body (the origin of local frame L) at

time

 is the orientation matrix, an orthogonal matrix with determinant 1, representing the

orientation (angular position) of the local frame L, with respect to the arbitrary reference

orientation of frame G. Think of this matrix as three orthogonal unit vectors, one in each column,

which define the orientation of the axes of frame L with respect to G.

 represents the angular velocity of the rigid body

 represents the total velocity of the point/particle

 represents the translational velocity (i.e. the velocity of the origin of frame L)

 represents the total acceleration of the point/particle
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 represents the translational acceleration (i.e. the acceleration of the origin of frame L)

 represents the angular acceleration of the rigid body

 represents the spatial acceleration of the point/particle

 represents the spatial acceleration of the rigid body (i.e. the spatial acceleration of the

origin of frame L)

In 2D the angular velocity is a scalar, and matrix A(t) simply represents a rotation in the xy-

plane by an angle which is the integral of the angular velocity over time. Vehicles, walking

people, etc. usually rotate according to changes in the direction of the velocity: they move

forward with respect to their own orientation. Then, if the body follows a closed orbit in a

plane, the angular velocity integrated over a time interval in which the orbit is completed

once, is an integer times 360. This integer is the winding number with respect to the origin of

the velocity. Compare the amount of rotation associated with the vertices of a polygon.

3. Kinetics

Any point that is rigidly connected to the body can be used as reference point (origin of

frame L) to describe the linear motion of the body (the linear position, velocity and

acceleration vectors depend on the choice).

However, depending on the application, a convenient choice may be:

 the center of mass of the whole system;

 a point such that the translational motion is zero or simplified, e.g on an axle or hinge, at the

center of a ball and socket joint, etc.

When the center of mass is used as reference point:

 The (linear) momentum is independent of the rotational motion. At any time it is equal to the

total mass of the rigid body times the translational velocity.

 The angular momentum with respect to the center of mass is the same as without translation: at

any time it is equal to the inertia tensor times the angular velocity. When the angular velocity is

expressed with respect to the principal axes frame of the body, each component of the angular
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momentum is a product of a moment of inertia (a principal value of the inertia tensor) times the

corresponding component of the angular velocity; the torque is the inertia tensor times the

angular acceleration.

 Possible motions in the absence of external forces are translation with constant velocity, steady

rotation about a fixed principal axis, and also torque-free precession.

 The net external force on the rigid body is always equal to the total mass times the translational

acceleration (i.e., Newton's second law holds for the translational motion, even when the net

external torque is nonnull, and/or the body rotates).

 The total kinetic energy is simply the sum of translational and rotational energy.

4. Geometry

Two rigid bodies are said to be different (not copies) if there is no proper rotation from one to

the other. A rigid body is called chiral if its mirror image is different in that sense, i.e., if it

has either no symmetry or its symmetry group contains only proper rotations. In the opposite

case an object is called achiral: the mirror image is a copy, not a different object. Such an

object may have a symmetry plane, but not necessarily: there may also be a plane of

reflection with respect to which the image of the object is a rotated version. The latter applies

for S2n, of which the case n = 1 is inversion symmetry.

For a (rigid) rectangular transparent sheet, inversion symmetry corresponds to having on one

side an image without rotational symmetry and on the other side an image such that what

shines through is the image at the top side, upside down. We can distinguish two cases:

 the sheet surface with the image is not symmetric - in this case the two sides are different, but the

mirror image of the object is the same, after a rotation by 180 about the axis perpendicular to the

mirror plane

 the sheet surface with the image has a symmetry axis - in this case the two sides are the same,

and the mirror image of the object is also the same, again after a rotation by 180 about the axis

perpendicular to the mirror plane

A sheet with a through and through image is achiral. We can distinguish again two cases:

 the sheet surface with the image has no symmetry axis - the two sides are different
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 the sheet surface with the image has a symmetry axis - the two sides are the same

5. Configuration space

The configuration space of a rigid body with one point fixed (i.e., a body with zero

translational motion) is given by the underlying manifold of the rotation group SO (3). The

configuration space of a nonfixed (with non-zero translational motion) rigid body is E+(3),

the subgroup of direct isometries of the Euclidean group in three dimensions (combinations

of translations and rotations).

Topic Objective:

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

 Define the term force in physics

 Describe the usage of mechanical advantage (MA)

Definition/Overview:

Force: In physics, a force is a push or pull that can cause an object with mass to accelerate.

Force has both magnitude and direction, making it a vector quantity. According to Newton's

second law, an object will accelerate in proportion to the net force acting upon it and in inverse

proportion to the object's mass. An equivalent formulation is that the net force on an object is

equal to the rate of change of momentum it experiences. Forces acting on three-dimensional

objects may also cause them to rotate or deform, or result in a change in pressure. The tendency

of a force to cause angular acceleration about an axis is termed torque. Deformation and pressure

are the result of stress forces within an object.
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Key Points:

1. Mechanical Advantage (MA)

In physics and engineering, mechanical advantage (MA) is the factor by which a

mechanism multiplies the force put into it. Following are simple machines where the

mechanical advantage is calculated.

1.1. The beam shown is in static equilibrium around the fulcrum

This is due to the moment created by vector force "A" counterclockwise (moment

A*a) being in equilibrium with the moment created by vector force "B" clockwise

(moment B*b). The relatively low vector force "B" is translated in a relatively high

vector force "A". The force is thus increased in the ratio of the forces A : B, which is

equal to the ratio of the distances to the fulcrum b : a. This ratio is called the

mechanical advantage. This idealised situation does not take into account friction.

1.2. Wheel and axle notion (e.g. Screwdrivers, doorknobs)

A wheel is essentially a lever with one arm the distance between the axle and the

outer point of the wheel, and the other the radius of the axle. Typically this is a fairly

large difference, leading to a proportionately large mechanical advantage. This allows

even simple wheels with wooden axles running in wooden blocks to still turn freely,

because their friction is overwhelmed by the rotational force of the wheel multiplied

by the mechanical advantage.

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

24
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



1.3. Pulley

Pulleys change the direction of a tension force on a flexible material, e.g. a rope or

cable. In addition, pulleys can be "added together" to create mechanical advantage, by

having the flexible material looped over several pulleys in turn. More loops and

pulleys increase the mechanical advantage.

Topic Objective:

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

 Define the term space

 Describe Physical space and Kants description of space

 Describe Relativity theory and Spatial measurement

Definition/Overview:

Space: Space is the boundless extent within which matter is physically extended and objects and

events have positions relative to one another.

Key Points:

1. Physical space

Physical space is often conceived in three linear dimensions, although modern physicists

usually consider it, with time, to be part of the boundless four-dimensional continuum known

as spacetime. In mathematics spaces with different numbers of dimensions and with different

underlying structures can be examined. The concept of space is considered to be of

fundamental importance to an understanding of the universe although disagreement continues
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between philosophers over whether it is itself an entity, a relationship between entities, or

part of a conceptual framework.

1.1. Space has a range of meanings

o One is a very important part in the fundamental structure of the universe, a set of

dimensions in which objects are separated and located, have size and shape, and

through which they can move.

o A contrasting view is that space is part of a fundamental abstract mathematical

conceptual framework (together with time and number) within which we compare

and quantify the distance between objects, their sizes, their shapes, and their speeds.

In this view, space does not refer to any kind of entity that is a "container" that

objects "move through".

These opposing views are also relevant to definitions of time. Space is typically

described as having three dimensions. Modern physics does not treat space and time

as independent dimensions, but treats both as features of space-time a conception

that challenges intuitive notions of distance and time. An issue of philosophical

debate is whether space is an ontological entity itself, or simply a conceptual

framework humans need to think (and talk) about the world. Another way to frame

this is to ask, "Can space itself be measured, or is space part of the measurement

system?" The same debate applies also to time, and an important formulation in both

areas was given by Immanuel Kant.

2. Kants Description

In his Critique of Pure Reason, Kant described space as an a priori intuition that (together

with another a priori intuition, time) allows us to comprehend sensual experience. Kant

referred to such intuitions as noumena and as things in themselves. In Kant's view, neither

space nor time is conceived of as substances, but rather both are elements of a systematic

framework we use to structure our experience. Spatial measurements are used to quantify

how far apart objects are, and temporal measurements are used to quantify how far apart
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events occur. However, these measurements are applied by our minds to categorize what we

sense and are not an inherent part of the thing in itself. Similar philosophical questions

concerning space include: Is space absolute or purely relational? Does space have a correct

geometry, or is the geometry of space just a convention? Historical positions in these debates

have been taken by Isaac Newton (space is absolute), Gottfried Leibniz (space is relational),

and Henri Poincar (spatial geometry is a convention). Two important thought-experiments

connected with these questions are: Newton's bucket argument and Poincar's sphere-world.

A tiling of the plane with appropriate geometric distortion gives rise to unbounded hyperbolic

geometry within a bounded space, this boundedness would not be visible to an inhabitant of the

plane that was subject to the distortion

This, however attempts to prove the axioms continually failed, and finally it was discovered

that multiple axioms could be constructed that gave different geometries, non-Euclidean

geometries, but that appeared Euclidean at very small sizes. This raised the question whether

the nature of space itself at large scales was Euclidean or not. In modern mathematics, spaces

are frequently described as different types of Manifolds which are spaces that locally

approximate to Euclidean space and where the properties are defined largely on local

connectedness of points that lie on the manifold.

3. Physics

3.1. Classical mechanics

Space is one of the few fundamental quantities in physics, meaning that it cannot be

defined via other quantities because there is nothing more fundamental is known at
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the present. On the other hand, it can be related to other fundamental quantities. Thus,

similar to other fundamental quantities (like time and mass), space can be explored

via measurement and experiment.

3.2. Astronomy

Astronomy is the science involved with the observation, explanation and measuring

of objects in outer space.

3.3. Relativity

Before Einstein's work on relativistic physics, time and space were viewed as

independent dimensions. Einstein's discoveries have shown that due to relativity of

motion our space and time can be mathematically combined into one object

spacetime. It turns out that distances in space or in time separately are not invariant

with respect to Lorentz coordinate transformations, but distances in Minkowski

space-time along space-time intervals are which justifies the name. In addition, time

and space dimensions should not be viewed as exactly equivalent in Minkowski

space-time. One can freely move in space but not in time. Thus, time and space

coordinates are treated differently both in special relativity (where time is sometimes

considered an imaginary coordinate) and in general relativity (where different signs

are assigned to time and space components of spacetime metric). Furthermore, from

Einstein's general theory of relativity, it has been shown that space-time is

geometrically distorted- curved -near to gravitationally significant masses.

Experiments are ongoing to attempt to directly measure gravitational waves. This is

essentially solutions to the equations of general relativity which describe moving

ripples of spacetime. Indirect evidence for this has been found in the motions of the

Hulse-Taylor binary system.
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3.4. Cosmology

Relativity theory lead to the cosmological question of what shape the universe is, and

where space came from. It appears that space was created in the Big Bang and has

been expanding ever since. The overall shape of space is not known, but space is

known to be expanding very rapidly which is evident due to the Hubble expansion.

3.5. Spatial measurement

The measurement of physical space has long been important. Although earlier

societies had developed measuring systems. The International System of Units, (SI),

is now the most common system of units used in the measuring of space, and is

almost universally used within science. Currently, the standard space interval, called a

standard meter or simply meter, is defined as the distance traveled by light in a

vacuum during a time interval of exactly 1/299,792,458 of a second. This definition

coupled with present definition of the second is based on the special theory of

relativity, that our space-time is a Minkowski space.

3.6. Geography

Geography is the branch of science concerned with identifying and describing the

Earth, utilizing spatial awareness to try and understand why things exist in specific

locations. Cartography is the mapping of spaces to allow better navigation, for

visualization purposes and to act as a locational device. Geostatistics apply statistical

concepts to collected spatial data in order to create an estimate for unobserved

phenomena. Geographical space is often considered as land, and can have a relation

to ownership usage (in which space is seen as property or territory). While some

cultures assert the rights of the individual in terms of ownership, other cultures will

identify with a communal approach to land ownership, while still other cultures such

as Australian Aboriginals, rather than asserting ownership rights to land, invert the

relationship and consider that they are in fact owned by the land. Spatial planning is a

method of regulating the use of space at land-level, with decisions made at regional,

national and international levels. Space can also impact on human and cultural
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behavior, being an important factor in architecture, where it will impact on the design

of buildings and structures, and on farming. Ownership of space is not restricted to

land. Ownership of airspace and of waters is decided internationally. Other forms of

ownership have been recently asserted to other spaces for example to the radio bands

of the electromagnetic spectrum or to cyberspace. Public space is a term used to

define areas of land as collectively owned by the community, and managed in their

name by delegated bodies; such spaces are open to all. While private property is the

land culturally owned by an individual or company, for their own use and pleasure.

Abstract space is a term used in geography to refer to a hypothetical space

characterized by complete homogeneity. When modeling activity or behavior, it is a

conceptual tool used to limit extraneous variables such as terrain.

Topic Objective:

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

 Define the term fiction, dry friction, fluid friction, kinetic friction and Internal friction

 Describe Coulomb friction and its related equations

 Discuss coefficient of friction

Definition/Overview:

Friction: Friction is the force resisting the relative motion of two surfaces in contact or a

surface in contact with a fluid (e.g. air on an aircraft or water in a pipe). It is not a fundamental

force, as it is derived from electromagnetic forces between atoms and electrons, and so cannot be

calculated from first principles, but instead must be found empirically. When contacting surfaces

move relative to each other, the friction between the two objects converts kinetic energy into

thermal energy, or heat. Friction between solid objects is often referred to as dry friction or

sliding friction and between a solid and a gas or liquid as fluid friction. Both of these types of

friction are called kinetic friction. Contrary to popular credibility, sliding friction is not caused
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by surface roughness, but by chemical bonding between the surfaces. Surface roughness and

contact area, however, do affect sliding friction for micro- and nano-scale objects where surface

area forces dominate inertial forces. Internal friction is the motion-resisting force between the

surfaces of the particles making up the substance.

Key Points:

1. Coulomb friction

One model of friction is called Coulomb friction after Charles-Augustin de Coulomb. It is

described by the equation:

Ff = μkFn

Where,

 Ff is either the force exerted by friction, or, in the case of equality, the maximum possible

magnitude of this force.

 μ is the coefficient of friction, which is an empirical property of the contacting materials

 Fn is the normal force exerted between the surfaces

For surfaces at rest relative to each other μ = μs, where μs is the coefficient of static friction.

This is usually larger than its kinetic counterpart. The Coulomb friction may take any value

from zero up to Ff, and the direction of the frictional force against a surface is opposite to the

motion that surface would experience in the absence of friction. Thus, in the static case, the

frictional force is exactly what it must be in order to prevent motion between the surfaces; it

balances the net force tending to cause such motion. In this case, rather than providing an

estimate of the actual frictional force, the Coulomb approximation provides a threshold value

for this force, above which motion would commence.

For surfaces in relative motion, μ is the coefficient of kinetic friction, the Coulomb friction

is equal to Ff, and the frictional force on each surface is exerted in the direction opposite to

its motion relative to the other surface. This approximation mathematically follows from the

assumptions that surfaces are in atomically close contact only over a small fraction of their
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overall area, that this contact area is proportional to the normal force (until saturation, which

takes place when all area is in atomic contact), and that frictional force is proportional to the

applied normal force, independently of the contact area. Such reasoning aside, however, the

approximation is fundamentally an empirical construction. It is a rule of thumb describing the

approximate outcome of an extremely complicated physical interaction. The strength of the

approximation is its simplicity and versatility though in general the relationship between

normal force and frictional force is not exactly linear (and so the frictional force is not

entirely independent of the contact area of the surfaces), the Coulomb approximation is an

adequate representation of friction for the analysis of many physical systems.

2. Coefficient of friction

The coefficient of friction (also known as the frictional coefficient) is a dimensionless

scalar value which describes the ratio of the force of friction between two bodies and the

force pressing them together. The coefficient of friction depends on the materials used; for

example, ice on steel has a low coefficient of friction (the two materials slide past each other

easily), while rubber on pavement has a high coefficient of friction (the materials do not slide

past each other easily). Coefficients of friction range from near zero to greater than one under

good conditions, a tire on concrete may have a coefficient of friction of 1.7. When the

surfaces are conjoined, Coulomb friction becomes a very poor approximation (for example,

Scotch tape resists sliding even when there is no normal force, or a negative normal force). In

this case, the frictional force may depend strongly on the area of contact. Some drag racing

tires are adhesive in this way. The force of friction is always exerted in a direction that

opposes movement (for kinetic friction) or potential movement (for static friction) between

the two surfaces. For example, a curling stone sliding along the ice experiences a kinetic

force slowing it down. For an example of potential movement, the drive wheels of an

accelerating car experience a frictional force pointing forward; if they did not, the wheels

would spin, and the rubber would slide backwards along the pavement. Note that it is not the

direction of movement of the vehicle they oppose, it is the direction of (potential) sliding

between tire and road. The coefficient of friction is an empirical measurement it has to be

measured experimentally, and cannot be found through calculations. Rougher surfaces tend

to have higher effective values. Most dry materials in combination have friction coefficient
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values between 0.3 and 0.6. Values outside this range are rarer, but Teflon, for example, can

have a coefficient as low as 0.04. A value of zero would mean no friction at all, an elusive

property even Magnetic levitation vehicles have drag. Rubber in contact with other surfaces

can yield friction coefficients from 1.0 to 2.

3. Static friction

And home Static friction is the force between two objects that are not moving relative to each

other. For example, static friction can prevent an object from sliding down a sloped surface.

The coefficient of static friction, typically denoted as μs, is usually higher than the coefficient

of kinetic friction. The initial force to get an object moving is often dominated by static

friction. Another important example of static friction is the force that prevents a car wheel

from slipping as it rolls on the ground. Even though the wheel is in motion, the patch of the

tire in contact with the ground is stationary relative to the ground, so it is static rather than

kinetic friction. The maximum value of static friction, when motion is impending, is

sometimes referred to as limiting friction, although this term is not used universally. The

value is given by the product of the normal force and coefficient of static friction.

4. Kinetic friction

Kinetic (or dynamic) friction occurs when two objects are moving relative to each other and

rub together (like a sled on the ground). The coefficient of kinetic friction is typically

denoted as μk, and is usually less than the coefficient of static friction. Since friction is

exerted in a direction that opposes movement, kinetic friction usually does negative work,

typically slowing something down. There are exceptions, for instance if the surface itself is

under acceleration. One can see this by placing a heavy box on a rug, then pulling on the rug

quickly. In this case, the box slides backwards relative to the rug, but moves forward relative

to the floor. Thus, the kinetic friction between the box and rug accelerates the box in the

same direction that the box moves, doing positive work.

4.1. Examples of kinetic friction

o Sliding friction (also called dry friction) is when two objects are rubbing against

each other. Putting a book flat on a desk and moving it around is an example of

sliding friction
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o Fluid friction is the friction between a solid object as it moves through a liquid or a

gas. The drag of air on an airplane or of water on a swimmer is two examples of fluid

friction

In Section 3 of this course you will cover these topics:
Center Of Gravity, Centroids, And Moments Of Inertia Of Areas

Internal Reactions; Stress For Axial Loads

Strain For Axial Loads: Hookes Law

Shear Stresses And Strains; Torsion

You may take as much time as you want to complete the topic coverd in section 3.
There is no time limit to finish any Section, However you must finish All Sections before

semester end date.

If you want to continue remaining courses later, you may save the course and leave.
You can continue later as per your convenience and this course will be avalible in your

area to save and continue later.

Topic Objective:

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

 Define the term gravitation

 Describe earths gravity

 Discuss the terms Inertia, inertial mass and rotational inertia

Definition/Overview:

Gravitation: Gravitation is a natural phenomenon by which all objects with mass attract each

other in a way that conserves angular momentum, and is one of the fundamental forces of
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physics. In everyday life, gravitation is most commonly thought of as the agency that gives

objects weight. It is responsible for keeping the Earth and the other planets in their orbits around

the Sun; for keeping the Moon in its orbit around the Earth, for the formation of tides; for

convection (by which hot fluids rise); for heating the interiors of forming stars and planets to

very high temperatures; and for various other phenomena that we observe. Gravitation is also the

reason for the very existence of the Earth, the Sun, and most macroscopic objects in the universe;

without it, matter would not have coalesced into these large masses and life, as we know it,

would not exist.

Key Points:

1. Gravitation

Modern physics describes gravitation using the general theory of relativity, but the much

simpler Newton's law of universal gravitation provides an excellent approximation in most

cases. The terms gravitation and gravity are mostly interchangeable in everyday use, but in

scientific usage a distinction may be made. in "Gravitation" is a general term describing the

attractive influence that all objects with mass exert on each other, while "gravity" specifically

refers to a force that is supposed in some theories (such as Newton's) to be the cause of this

attraction. By contrast, in general relativity gravitation is due to spacetime curvatures that

cause inertially moving objects to accelerate towards each other.

In geometry, the centroid or barycenter of an object X in n-dimensional space is the

intersection of all hyperplanes that divide X into two parts of equal moment about the

hyperplane. Informally, it is the "average" of all points of X. The centroid of an object

coincides with its center of mass if the object has uniform density, or if the object's shape and

density have a symmetry which fully determines the centroid. These conditions are sufficient

but not necessary. The centroid of a finite set of points can be computed as the arithmetic

mean of each coordinate of the points. In geography, the centroid of a region of the Earth's

surface is known as its geographical center. The centroid of a convex object always lies in
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the object. A non-convex object might have a centroid that is outside the figure itself. The

centroid of a ring or a bowl, for example, lies in the object's central void.

2. Inertia

Inertia is the resistance an object has to a change in its state of motion. The principle of

inertia is one of the fundamental principles of classical physics which are used to describe the

motion of matter and how it is affected by applied forces. Sir Isaac Newton defined inertia in

Definition 3 of his Philosophi Naturalis Principia Mathematica, which states:

The vis insita, or innate force of matter is a power of resisting, by which every body, as much

as in it lies, endeavors to preserve in its present state, whether it be of rest, or of moving

uniformly forward in a right line.

3. Earths Gravity

Every planetary body (including the Earth) is surrounded by its own gravitational field,

which exerts an attractive force on all objects. Assuming a spherically symmetrical planet (a

reasonable approximation), the strength of this field at any given point is proportional to the

planetary body's mass and inversely proportional to the square of the distance from the center

of the body. The strength of the gravitational field is numerically equal to the acceleration of

objects under its influence, and its value at the Earth's surface, denoted g, is approximately

expressed below as the standard average.

This means that, ignoring air resistance, an object falling freely near the earth's surface

increases its velocity with ( or 22 mph) for each second of its descent. Thus, an

object starting from rest will attain a velocity of ( ) after one second, (

) after two seconds, and so on, adding to each resulting velocity. According to

Newton's 3rd Law, the Earth itself experiences an equal and opposite force to that acting on

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

36
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



the falling object, meaning that the Earth also accelerates towards the object. However,

because the mass of the Earth is huge, the acceleration of the Earth by this same force is

negligible, when measured relative to the system's center of mass.

4. Inertial mass

The only difference there appears to be between inertial mass and gravitational mass is the

method used to determine them. Gravitational mass is measured by comparing the force of

gravity of an unknown mass to the force of gravity of a known mass. This is typically done

with some sort of balance scale. The beauty of this method is that no matter where, or on

what planet you are, the masses will always balance out because the gravitational

acceleration on each object will be the same. This does break down near supermassive

objects such as black holes and neutron stars due to the high gradient of the gravitational

field around such objects. Inertial mass is found by applying a known force to an unknown

mass, measuring the acceleration, and applying Newton's Second Law, m = F/a. This gives

an accurate value for mass, limited only by the accuracy of the measurements. When

astronauts need to be weighed in outer space, they actually find their inertial mass in a

special chair.

The interesting thing is that, physically, no difference has been found between gravitational

and inertial mass. Many experiments have been performed to check the values and the

experiments always agree to within the margin of error for the experiment. Einstein used the

fact that gravitational and inertial mass were equal to begin his Theory of General Relativity

in which he postulated that gravitational mass was the same as inertial mass, and that the

acceleration of gravity is a result of a 'valley' or slope in the space-time continuum that

masses 'fell down' much as pennies spiral around a hole in the common donation toy at a

chain store. Since Einstein used inertial mass to describe Special Relativity, inertial mass is

closely related to relativistic mass and is therefore different from rest mass.

5. Inertial frames

In a location such as a steadily moving railway carriage, a dropped ball (as seen by an

observer in the carriage) would behave as it would if it were dropped in a stationary carriage.
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The ball would simply descend vertically. It is possible to ignore the motion of the carriage

by defining it as an inertial frame. In a moving but non-accelerating frame, the ball behaves

normally because the train and its contents continue to move at a constant velocity. Before

being dropped, the ball was traveling with the train at the same speed, and the ball's inertia

ensured that it continued to move in the same speed and direction as the train, even while

dropping. Note that, here, it is inertia which ensured that, not its mass. In an inertial frame all

the observers in uniform (non-accelerating) motion will observe the same laws of physics.

However observers in another inertial frame can make a simple, and intuitively obvious,

transformation (the Galilean transformation), to convert their observations. Thus, an observer

from outside the moving train could deduce that the dropped ball within the carriage fell

vertically downwards. However, in frames which are experiencing acceleration (non-inertial

frames), objects appear to be affected by fictitious forces. For example, if the railway

carriage was accelerating, the ball would not fall vertically within the carriage but would

appear to an observer to be deflected because the carriage and the ball would not be traveling

at the same speed while the ball was falling. Other examples of fictitious forces occur in

rotating frames such as the earth. For example, a missile at the North Pole could be aimed

directly at a location and fired southwards. An observer would see it apparently deflected

away from its target by a force (the Coriolis force) but in reality the southerly target has

moved because earth has rotated while the missile is in flight. Because the earth is rotating, a

useful inertial frame of reference is defined by the stars, which only move imperceptibly

during most observations. In summary, the principle of inertia is intimately linked with the

principles of conservation of energy and conservation of momentum.

6. Rotational inertia

Another form of inertia is rotational inertia (→ moment of inertia), which refers to the fact

that a rotating rigid body maintains its state of uniform rotational motion. Its angular

momentum is unchanged, unless an external torque is applied; this is also called conservation

of angular momentum. Rotational inertia often has hidden practical consequences.
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Topic Objective:

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

Definition/Overview:

Stress: 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.

Key Points:

1. Analysis of stress

All real objects occupy a three-dimensional space. However, depending on the loading

condition and viewpoint of the observer the same physical object can alternatively be

assumed as one-dimensional or two-dimensional, thus simplifying the mathematical

modelling of the object.

1.1. Uniaxial stress

If two of the dimensions of the object are very large or very small compared to the

others, the object may be modeled as one-dimensional. In this case the stress tensor

has only one component and is indistinguishable from a scalar. One-dimensional

objects include a piece of wire loaded at the ends and viewed from the side, and a

metal sheet loaded on the face and viewed up close and through the cross section.

When a structural element is elongated or compressed, its cross-sectional area

changes by an amount that depends on the Poisson's ratio of the material. In

engineering applications, structural members experience small deformations and the

reduction in cross-sectional area is very small and can be neglected, i.e., the cross-
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sectional area is assumed constant during deformation. For this case, the stress is

called engineering stress or nominal stress. In some other cases, e.g., elastomers

and plastic materials, the change in cross-sectional area is significant, and the stress

must be calculated assuming the current cross-sectional area instead of the initial

cross-sectional area. This is termed true stress and is expressed as:

,

Where,

is the nominal (engineering) strain, and

is nominal (engineering) stress.

The relationship between true strain and engineering strain is given by

.

In uniaxial tension, true stress is then greater than nominal stress. The converse holds

in compression.

1.2. Plane stress

A state of plane stress exist when one of the principal stresses is zero, stresses with

respect to the thin surface are zero. This usually occurs in structural elements where

one dimension is very small compared to the other two, i.e. the element is flat or thin,

and the stresses are negligible with respect to the smaller dimension as they are not

able to develop within the material and are small compared to the in-plane stresses.

Therefore, the face of the element is not acted by loads and the structural element can

be analyzed as two-dimensional, e.g. thin-walled structures such as plates subject to

in-plane loading or thin cylinders subject to pressure loading. The stress tensor can

then be approximated by:

The corresponding strain tensor is
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In which the non-zero term arises from the Poisson effect. This strain term can be

temporarily removed from the stress analysis to leave only the in-plane terms,

effectively reducing the analysis to two dimensions.

1.3. Plane strain

If one dimension is very large compared to the others, the principal strain in the

direction of the longest dimension is constrained and can be assumed as zero, yielding

a plane strain condition. In this case, though all principal stresses are non-zero, the

principal stress in the direction of the longest dimension can be disregarded for

calculations. Thus, allowing a two dimensional analysis of stresses, e.g. a dam

analyzed at a cross section loaded by the reservoir.

Topic Objective:

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

 Define Hooks law of Elasticity

 Describe Hooks law of Elasticity and the formula

 Discuss the derivation of spring equation

Definition/Overview:

Hookes Law of Elasticity: In mechanics, and physics, Hooke's law of elasticity is an

approximation that states that the amount by which a material body is deformed (the strain) is

linearly related to the force causing the deformation (the stress). Materials for which Hooke's law

is a useful approximation are known as linear-elastic or "Hookean" materials. Hooke's law is

named after the 17th century British physicist Robert Hooke. He first stated this law in 1676 as a

Latin anagram whose solution he published in 1678 as "Ut tensio, sic vis" which means "As the
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extension, so the force." For systems that obey Hooke's law, the extension produced is directly

proportional to the load:

Where,

is the distance that the spring has been stretched or compressed away from the equilibrium

position, which is the position where the spring would naturally come to rest (usually in

meters),

is the restoring force exerted by the material (usually in newtons), and

is the force constant (or spring constant). The constant has units of force per unit length

(usually in newtons per meter).

When this holds, we say that the behavior is linear. If shown on a graph, the line should show a

direct variation. There is a negative sign on the right hand side of the equation because the

restoring force always acts in the opposite direction of the x displacement (when a spring is

stretched to the left, it pulls back to the right).

Key Points:

1. Hookes Law

1.1. Elastic materials

Objects that quickly regain their original shape after being deformed by a force, with

the molecules or atoms of their material returning to the initial state of stable

equilibrium, often obey Hooke's law. We may view a rod of any elastic material as a

linear spring. The rod has length L and cross-sectional area A. Its extension (strain) is

linearly proportional to its tensile stress, σ by a constant factor, the inverse of its

modulus of elasticity, E, hence,
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Hooke's law only holds for some materials under certain loading conditions. Steel

exhibits linear-elastic behavior in most engineering applications; Hooke's law is valid

for it throughout its elastic range (i.e., for stresses below the yield strength). For

some other materials, such as aluminium, Hooke's law is only valid for a portion of

the elastic range. For these materials a proportional limit stress is defined, below

which the errors associated with the linear approximation are negligible. Rubber is

generally regarded as a "non-hookean" material because its elasticity is stress

dependent and sensitive to temperature and loading rate. Applications of the law

include spring operated weighing machines, stress analysis and modeling of

materials.

2. The spring equation

Stressstrain curve for low-carbon steel. Hooke's law is only valid for the portion of the curve

between the origin and the yield point.

1. Ultimate strength

2. Yield strength-corresponds to yield point.

3. Rupture

4. Strain hardening region

5. Necking region.

The most commonly encountered form of Hooke's law is probably the spring equation,

which relates the force exerted by a spring to the distance it is stretched by a spring

constant, k, measured in force per length.

The negative sign indicates that the force exerted by the spring is in direct opposition to

the direction of displacement. It is called a "restoring force", as it tends to restore the

system to equilibrium. The potential energy stored in a spring is given by
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which comes from adding up the energy it takes to incrementally compress the spring. That

is, the integral of force over distance. (Note that potential energy of a spring is always non-

negative.) This potential can be visualized as a parabola on the U-x plane. As the spring is

stretched in the positive x-direction, the potential energy increases (the same thing happens

as the spring is compressed). The corresponding point on the potential energy curve is higher

than that corresponding to the equilibrium position (x = 0). The tendency for the spring is to

therefore decrease its potential energy by returning to its equilibrium (unstretched) position,

just as a ball rolls downhill to decrease its gravitational potential energy. If a mass m is

attached to the end of such a spring, the system becomes a harmonic oscillator. It will

oscillate with a natural frequency given as either:

3. Multiple springs

When two springs are attached to a mass and compressed, the following table compares

values of the springs.

4. Tensor expression of Hooke's Law

When working with a three-dimensional stress state, a 4th order tensor (cijkl) containing 81

elastic coefficients must be defined to link the stress tensor (σij) and the strain tensor (or

Green tensor) (εkl).

Due to the symmetry of the stress tensor, strain tensor, and stiffness tensor, only 21 elastic

coefficients are independent. As stress is measured in units of pressure and strain is

dimensionless, the entries of cijkl are also in units of pressure. Generalization for the case of

large deformations is provided by models of neo-Hookean solids and Mooney-Rivlin solids.
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5. Isotropic materials

Isotropic materials are characterized by properties which are independent of direction in

space. Physical equations involving isotropic materials must therefore be independent of the

coordinate system chosen to represent them. The strain tensor is a symmetric tensor. Since

the trace of any tensor is independent of coordinate system, the most complete coordinate-

free decomposition of a symmetric tensor is to represent it as the sum of a constant tensor

and a traceless symmetric tensor. Thus:

where δij is the Kronecker delta. The first term on the right is the constant tensor, also known

as the pressure, and the second term is the traceless symmetric tensor, also known as the

shear tensor. The most general form of Hooke's law for isotropic materials may now be

written as a linear combination of these two tensors:

where K is the bulk modulus and G is the shear modulus.

Using the relationships between the elastic moduli, these equations may also be expressed in

various other ways. For example, the strain may be expressed in terms of the stress tensor as:

Where E is the modulus of elasticity and ν is Poisson's ratio.
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6. Zero-length springs

"Zero-length spring" is the standard term for a spring that exerts zero force when it has zero

length. In practice this is done by combining a spring with "negative" length (in which the

coils press together when the spring is relaxed) with an extra length of inelastic material. This

type of spring was developed in 1932 by Lucien LaCoste for use in a vertical seismograph. A

spring with zero length can be attached to a mass on a hinged boom in such a way that the

force on the mass is almost exactly balanced by the vertical component of the force from the

spring, whatever the position of the boom. This creates a pendulum with very long period.

Long-period pendulums enable seismometers to sense the slowest waves from earthquakes.

The LaCoste suspension with zero-length springs is also used in gravimeters because it is

very sensitive to changes in gravity. Springs for closing doors are often made to have roughly

zero length so that they will exert force even when the door is almost closed, so it will close

firmly.

Topic Objective:

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

 Define the terms torsion and shear stress

 Describe Torsion and torsion relations

 Discuss polar moment of inertia, shear stress in the shaft and the formula to calculate a shear

stress

Definition/Overview:

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.

Shear stress: A Shear stress, denoted (tau), is a stress which is applied parallel or tangential to

a face of a material, as opposed to a normal stress which is applied perpendicularly.
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Key Points:

1. Torsion

For solid or hollow shafts of uniform circular cross-section and constant wall thickness, the

torsion relations are:

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:

The polar moment of inertia for a pipe is:

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.
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4. General Shear Stress

The formula to calculate a shear stress is:

5. Other Forms of Shear Stress

5.1. Beam shear

The formula for shear stress in a beam is:

,

5.2. Semi-monocoque shear

Shear stresses within a semi-monocoque structure may be calculated by idealizing the

cross-section of the structure into a set of stringers (carrying only axial loads) and

webs (carrying only shear flows). Dividing the shear flow by the thickness of a given

portion of the semi-monocoque structure yields the shear stress. Thus, the maximum

shear stress will occur either in the web of maximum shear flow or minimum

thickness. Also constructions in soil can fail due to shear; e.g., the weight of an earth-

filled dam or dike may cause the subsoil to collapse, like a small landslide. Shear

stress is relevant to the motion of fluids upon surfaces, which result in the generation

of shear stress. Particularly, the laminar fluid flow over the surface has a zero velocity

and shear stress occurs between the zero-velocity surface and the higher-velocity flow

away from the surface

5.3. Impact Shear

The maximum shear stress created in a solid round bar subject to impact is given. The

equation is:

and
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= Mass Moment of Inertia

= Angular Speed

5.4. Shear stress in fluids

A viscous, Newtonian fluid (including air and water) moving along a solid boundary

will incur a shear stress on that boundary. The no-slip condition dictates that the

speed of the fluid at the boundary (relative to the boundary) is 0, but at some height

from the boundary the flow speed must equal that of the fluid. The region between

these two points is aptly named the boundary layer. The shear stress is imparted onto

the boundary as a result of this loss of velocity and can be expressed as:

6. Diverging fringe shear stress sensor

This relationship can be exploited to measure the wall shear stress. If a sensor could directly

measure the gradient of the velocity profile at the wall, then multiplying by the dynamic

viscosity would yield the shear stress. Such a sensor was demonstrated by A. A. Naqwi and

W. C. Reynolds. The interference pattern generated by sending a beam of light through two

parallel slits forms a network of linearly diverging fringes that seem to originate from the

plane of the two slits. As a particle in a fluid passes through the fringes, a receiver detects the

reflection of the fringe pattern. The signal can be processed, and knowing the fringe angle,

the height and velocity of the particle can be extrapolated.
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In Section 4 of this course you will cover these topics:
Shear Forces And Bending Moments In Beams

Bending And Shearing Stresses In Beams

Deflection Of Beams Due To Bending

You may take as much time as you want to complete the topic coverd in section 4.
There is no time limit to finish any Section, However you must finish All Sections before

semester end date.

If you want to continue remaining courses later, you may save the course and leave.
You can continue later as per your convenience and this course will be avalible in your

area to save and continue later.

Topic Objective:

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

 Define the term Beam in construction management

 Describe the bending behavior of beams and columns

 Identify the bending moment along the length of a beam

 Discuss the structural characteristics of beams

Definition/Overview:

Beam: A beam is a structural element that is capable of withstanding load primarily by resisting

bending. The bending force induced into the material of the beam as a result of the external

loads, own weight and external reactions to these loads is called a bending moment.

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

(i.e., loads due to an earthquake or wind). 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.
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Key Points:

1. Bending

In engineering mechanics, bending (also known as flexure) characterizes the behavior of a

structural 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.

2. Determination of the bending moment

The magnitude of the bending moment along the length of a beam varies depending on the

loading on the beam and the location and type of supports on which the beam is located.

Typically the bending moment is calculated by making an imaginary cut through the beam

where the bending moment and shear force in the beam are required to be calculated. The

application and mathematical manipulation of Newton's Laws to tiny elements of material at

the cut reveal the existence of the bending moment in the beam. A positive bending moment

induces compressive forces above the so called neutral axis, while tesile forces are induced in

the material below the neutral axis. The compressive and tensile forces result in shortening

and lengthening of the material respectively above and below the neutral axis resulting in the

characteristic bending found in beams.

3. Structural characteristics

Internally, beams experience compressive, tensile and shear stresses as a result of the loads

applied to them. 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, while

the same original beam length at the bottom of the beam is slightly stretched to enclose a

larger radius arc, and so is under tension. The same original length of the middle of the beam,
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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 (dotted line in the

beam figure). Above the supports, the beam is exposed to shear stress. There are some

reinforced concrete beams that are entirely in compression. These beams are known as

prestressed concrete beams, and are fabricated to produce a compression more than the

expected tension under loading conditions. High strength steel tendons are stretched while

the beam is cast over them. Then, when the concrete has begun to cure, the tendons are

released and the beam is immediately under eccentric axial loads. This eccentric loading

creates an internal moment, and, in turn, increases the moment carrying capacity of the beam.

They are commonly used on highway bridges.

The primary tool for structural analysis of beams is the Euler-Bernoulli beam equation. Other

mathematical methods for determining the deflection of beams include "method of virtual

work" and the "slope deflection method". Engineers are interested in determining deflections

because the beam may be in direct contact with a brittle material such as glass. Beam

deflections are also minimized for aesthetic reasons. A visibly sagging beam, though

structurally safe, is unsightly and to be avoided. A stiffer beam (high modulus of elasticity

and high second moment of area) produces less deflection. Mathematical methods for

determining the beam forces (internal forces of the beam and the forces that are imposed on

the beam support) include the "moment distribution method", the force or flexibility method

and the matrix stiffness method.

4. General shapes

Mostly the beams have rectangular cross sections in reinforced concrete buildings, but the

most efficient cross-section is a universal beam. The fact that most of the material is placed

away from the neutral axis (axis of symmetry in case of universal beam) increases the second

moment of area of the beam which in turn increases the stiffness. An universal beam is only

the most efficient shape in one direction of bending: up and down looking at the profile as an

I. If the beam is bent side to side , it functions as an H where it is less efficient. The most
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efficient shape for both directions in 2D is a box (a square shell) however the most efficient

shape for bending in any direction is a cylindrical shell or tube. But, for unidirectional

bending, the universal beam is king. Efficiency means that for the same cross sectional area

(Volume of beam per length) subjected to the same loading conditions, the beam deflects

less. Other shapes, like L (angles), C (Channels) or tubes, are also used in construction when

there are special requirements.

5. 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:

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.

6. Complex or unsymmetrical bending

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

sections, the full form of the equation must be used (presented below):
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7. 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.

8. Stress in large bending deformation

For large deformations of the body, the stress in the cross-section is calculated using an

extended version of this formula. First the following assumptions must be made:

 Assumption of flat sections - before and after deformation the considered section of body

remains flat (i.e. is not swirled).

 Shear and normal stresses in this section that are perpendicular to the normal vector of cross

section have no influence on normal stresses that are parallel to this section.

Large bending considerations should be implemented when the bending radius ρ is smaller

than ten section heights h:

ρ < 10h

With those assumptions the stress in large bending is calculated as:
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Where,

 F is the normal force

 A is the section area

 M is the bending moment

 ρ is the local bending radius (the radius of bending at the current section)

 Ix' is the area moment of inertia along the x axis, at the y place

 y is the position along y axis on the section area in which the stress σ is calculated

When bending radius ρ approaches infinity and y is zero, the original formula is back:

..

Topic Objective:

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

 Define the term Shear Stress in the field of construction management

 Describe shear stress in a beam and the Jourawski formula to find the shear stress in a beam

 Discuss Complex and unsymmetrical

Definition/Overview:

Shear Stress: A shear stress, denoted (tau), is defined as a stress which is applied parallel or

tangential to a face of a material, as opposed to a normal stress which is applied perpendicularly.

In other words, considering that weight is a force, hanging something from a wall creates a shear

stress on the wall, since the weight of the object is acting parallel to the wall, as opposed to
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hanging something from the ceiling which creates a normal stress on the ceiling, since the weight

is acting perpendicular to the ceiling.

Key Points:

1. Beam shear

The formula for shear stress in a beam is:

Where,

 V = shear force at that location

 Q = statical moment of area

 t = thickness in the material perpendicular to the shear

 I = second moment of area of the cross section..

This formula is also known as the Jourawski formula.

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:

Where,

 σ is the bending stress

 M - the moment at the neutral axis
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 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.

3. Complex or unsymmetrical bending

The equation below is, also, only valid if the cross-section is symmetrical. For unsymmetrical

sections, the full form of the equation must be used is:

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.
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5. Stress in large bending deformation

For large deformations of the body, the stress in the cross-section is calculated using an

extended version of this formula. First the following assumptions must be made:

 Assumption of flat sections - before and after deformation the considered section of body

remains flat (i.e. is not swirled).

 Shear and normal stresses in this section that are perpendicular to the normal vector of cross

section have no influence on normal stresses that are parallel to this section.

Topic Objective:

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

 Define the term deflection with respect to construction

 Describe elastic deflection and the formula to find out the elastic deflection in an beam

Definition/Overview:

Deflection: deflection is a term that is used to describe the degree to which a structural element

is displaced under a load. The deflection of a member under a load is directly related to the slope

of the deflected shape of the member under that load and can calculated by integrating the

function that mathematically describes the slope of the member under that load. Deflection can

be calculated by standard formulae (will only give the deflection of common beam

configurations and load cases at discrete locations), or by methods such as "virtual work", "direct

integration", "Castigliano's method", "Macaulay's method" or the "matrix stiffness method"

amongst others.
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Key Points:

1. Deflection

In physics deflection is the event where an object collides and bounces against a plane

surface. In such collisions involving a sphere and a plane, the collision angle formed with the

surface normal (the incidental angle α) must equal the bounce angle (the accidental angle β),

α = β Magnetic deflection refers to Lorentz forces acting upon a charged particle moving in a

magnetic field.

2. Elastic Deflection

The elastic deflection f and angle of deflection φ (in radians) in the example image, a

(weightless) cantilever beam, can be calculated (at the free end) using:

fB = FL3 / (3EI)

φB = FL2 / (2EI)

Where,

 F = force acting on the tip of the beam

 L = length of the beam (span)

 E = modulus of elasticity

 I = area moment of inertia

The deflection at any point along the span can be calculated using the above-mentioned

methods. From this formula it follows that the span L is the most determinating factor; if the

span doubles, the deflection increases 2 = 8 fold. Building codes determine the maximum

deflection, usually as a fraction of the span e.g. 1/400 or 1/600. Either the strength limit state

(allowable stress) or the serviceability limit state (deflection considerations amongst others)

may govern the minimum dimensions of the member required. The deflection must be

considered for the purpose of the structure. When designing a steel frame to hold a glazed

panel, one allows only minimal deflection to prevent fracture of the glass. The deflective

shape of a beam can be represented by the moment diagram, integrated.
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Example/Case Study:

An example of the use of deflection in this context is in building construction. Architects and

engineers select materials for various applications. The beams used for frame work are selected

on the basis of deflection, amongst other factors.

In Section 5 of this course you will cover these topics:
Combined Stresses And Mohrs Circle

Columns

Bolted, Riveted, And Welded Structural Connections

You may take as much time as you want to complete the topic coverd in section 5.
There is no time limit to finish any Section, However you must finish All Sections before

semester end date.

If you want to continue remaining courses later, you may save the course and leave.
You can continue later as per your convenience and this course will be avalible in your

area to save and continue later.

Topic Objective:

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

 Define the term Stress and SI unit for stress

 Describe Stress distribution on a triangle, used to derive the formulas for Mohr's Circle

 Discuss the formula to derive a general three-dimensional state of stresses by using Mohr's circle
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Definition/Overview:

Stress: 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.

The SI unit for 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).

Key Points:

1. 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. Mohr's circle is a graphical

representation of any 2-D stress state proposed in 1892 by Christian Otto Mohr. It can be

applied to many engineering quantities such as stresses, strains, and moments of area.

Mohr's circle may also be applied to three-dimensional stress. In this case, the diagram has

three circles, two within a third. You can use Mohr's circle to find the planes of maximum

normal, principle and shear stresses, as well as the stresses on known weak planes. For

example, if the material is brittle, the engineer might use Mohr's circle to find the maximum

component of normal stress (tension or compression); and for ductile materials, the engineer

might look for the maximum shear stress.
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2. Mohr's circle for stress

The Mohr's circle, named after Christian Otto Mohr, is a two-dimensional graphical

representation of the state of stress at a point. The abscissa, , and ordinate, , of each

point on the circle are the normal stress and shear stress components, respectively, acting on

a particular cut plane with a unit vector with components , (Figure...). In

other words, the circumference of the circle is the locus of points that represent state of stress

on individual planes at all their orientations. Karl Culmann was the first to conceive a

graphical representation for stresses while considering longitudinal and vertical stresses in

horizontal beams during bending. Mohr's contribution extended the use of this representation

for both two-dimensional and three-dimensional stresses, and developing a failure criterion

based on the stress circle.

3. Mohr's circle for plane stress or plane strain

If we know the stress components . , and at a point for any two perpendicular

planes in a continuum body under plane stress, or plane strain we can construct the Mohr

circle of stress. Once the Mohr circle is drawn one can use it to find the stress state on any

other plane passing through that point in the body. According to the sign convention for

engineering mechanics, in disciplines such as mechanical engineering and structural

engineering, which is the one used in this article, for the construction of the Mohr circle the

normal stresses are positive if they are outward to the plane of action (tension), and shear

stresses are positive if they rotate clockwise about the point in consideration. In

geomechanics, i.e. soil mechanics and rock mechanics, however, normal stresses are

considered positive when they are inward to the plane of action (compression), and shear

stresses are positive if they rotate counterclockwise about the point in consideration.

To construct the Mohr circle of stress for a state of plane stress, or plane strain, first we plot

two points in the space corresponding to the known stress components on both

perpendicular planes, i.e. and . We then connect points and

by a straight line and find the midpoint which corresponds to the intersection of this line

with the axis. Finally, we draw a circle with diameter and centre at .

As demonstrated in the previous section, the radius of the circle is:
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And the coordinates of its centre is:

.

The principal stresses are then the abscissa of the points of intersection of the circle with the

axis (note that the shear stresses are zero for the principal stresses).

4. Mohr's circle for a general three-dimensional state of stresses

To construct the Mohr's circle for a general three-dimensional case of stresses at a point, the

values of the principal stresses and their principal directions must

be first evaluated, as explained previously. Considering the principal axes as the coordinate

system, instead of the general , , coordinate system, and assuming that

, then the normal and shear components of the stress vector , for a

given plane with unit vector , satisfy the following equations:

Knowing that

we can solve for , , , which yields

Since , and is non-negative, the numerators from the these equations

satisfy:
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as the denominator and

as the denominator and

as the denominator and

These expressions can be rewritten as:

which are the equations of the three Mohr's circles for stress , , and , with radii

, , and , and their centres with

coordinates , , , respectively.

These equations for the Mohr's circles show that all admissible stress points lie on

these circles or within the shaded area enclosed by them. Stress points satisfying the

equation for circle lie on, or outside circle . Stress points satisfying the

equation for circle lie on, or inside circle . And finally, stress points satisfying

the equation for circle lie on, or outside circle .

Topic Objective:

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

 Define the term column in structural engineering

 Discuss Equilibrium, instability, and loads for the construction of columns
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Definition/Overview:

Column: A column in structural engineering is a vertical structural element that transmits,

through compression, the weight of the structure above to other structural elements below. Other

compression members are often termed columns because of the similar stress conditions.

Columns are frequently used to support beams or arches on which the upper parts of walls or

ceilings rest. In architecture "column" refers to such a structural element that also has certain

proportional and decorative features. A column might not support any major structure but be a

decorative or triumphant feature with e.g. a statue on top.

Key Points:

1. Equilibrium, instability, and loads

As the axial load on a perfectly straight slender column with elastic material properties is

increased in magnitude, this ideal column passes through three states: stable equilibrium,

neutral equilibrium, and instability. The straight column under load is in stable equilibrium if

a lateral force, applied between the two ends of the column, produces a small lateral

deflection which disappears and the column returns to its straight form when the lateral force

is removed. If the column load is gradually increased, a condition is reached in which the

straight form of equilibrium becomes so-called neutral equilibrium, and a small lateral force

will produce a deflection that does not disappear and the column remains in this slightly bent

form when the lateral force is removed. The load at which neutral equilibrium of a column is

reached is called the critical or buckling load. The state of instability is reached when a slight

increase of the column load causes uncontrollably growing lateral deflections leading to

complete collapse.

These are composed of stacked segments and finished in the Corinthian style (Temple of Bel,

Syria)
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2. Mechanical Failure Modes

 Buckling

 Corrosion

 Creep

 Fatigue

 Fracture

 Impact

 Melting

 Mechanical overload

 Thermal shock

 Wear

 Yielding

For an axially loaded straight column with any end support conditions, the equation of static

equilibrium, in the form of a differential equation, can be solved for the deflected shape and

critical load of the column. With hinged, fixed or free end support conditions the deflected

shape in neutral equilibrium of an initially straight column with uniform cross section

throughout its length always follows a partial or composite sinusoidal curve shape, and the

critical load is given by:

Where, E = modulus of elasticity of the material, Imin = the minimal moment of inertia of

the cross section, and L = actual length of the column between its two end supports. A

variant of (1) is given by:
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Where, r = radius of gyration of [column]cross-section which is equal to the square root of

(I/A), K = ratio of the longest half sine wave to the actual column length, and KL = effective

length (length of an equivalent hinged-hinged column). From Equation (2) it can be noted

that the buckling strength of a column is inversely proportional to the square of its length.

When the critical stress, Fcr (Fcr =Pcr/A, where A = cross-sectional area of the column), is

greater than the proportional limit of the material, the column is experiencing inelastic

buckling. Since at this stress the slope of the material's stress-strain curve, Et (called the

tangent modulus), is smaller than that below the proportional limit, the critical load at

inelastic buckling is reduced. More complex formulas and procedures apply for such cases,

but in its simplest form the critical buckling load formula is given as Equation (3):

Where, Et = tangent modulus at the stress Fcr

A column with a cross section that lacks symmetry may suffer torsional buckling (sudden

twisting) before, or in combination with, lateral buckling. The presence of the twisting

deformations renders both theoretical analyses and practical designs rather complex.

Eccentricity of the load, or imperfections such as initial crookedness, decreases column

strength. If the axial load on the column is not concentric, that is, its line of action is not

precisely coincident with the centroidal axis of the column, the column is characterized as

eccentrically loaded. The eccentricity of the load, or an initial curvature, subjects the column

to immediate bending. The increased stresses due to the combined axial-plus-flexural stresses

result in a reduced load-carrying ability.

Table showing values of K for structural columns of various end conditions (adapted from

Manual of Steel Construction, 8th edition, American Institute of Steel Construction, Table

C1.8.1)
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3. Extensions

When a column is too long to be built or transported in one piece, it has to be extended or

spliced at the construction site. A reinforced concrete column is extended by having the steel

reinforcing bars protrude a few inches or feet above the top of the concrete, then placing the

next level of reinforcing bars to overlap, and pouring the concrete of the next level. A steel

column is extended by welding or bolting splice plates on the flanges and webs or walls of

the columns to provide a few inches or feet of load transfer from the upper to the lower

column section. A timber column is usually extended by the use of a steel tube or wrapped-

around sheet-metal plate bolted onto the two connecting timber sections

4. Foundations

A column that carries the load down to a foundation must have means to transfer the load

without overstressing the foundation material. Reinforced concrete and masonry columns are

generally built directly on top of concrete foundations. A steel column, when seated on a

concrete foundation, must have a base plate to spread the load over a larger area and thereby

reduce the bearing pressure. The base plate is a thick rectangular steel plate usually welded to

the bottom end of the column.

Topic Objective:

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

 Define the term Bolted joints and the types of bolted joints

 Describe join analysis with respect to different types of bolted joints

 Discuss Manual installation of a solid rivet and its testing
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Definition/Overview:

Bolted joints: Bolted joints are one of the most common elements in construction and machine

design. They consist of cap screws or studs that capture and join other parts, and are secured with

the mating of screw threads.

Key Points:

1. Types of Bolted Joints

There are two main types of bolted joint designs. In one method the bolt is tightened to a

calculated torque, producing a clamp load. The joint will be designed such that the clamp

load is never overcome by the forces acting on the joint (and therefore the joined parts see no

relative motion). The other type of bolted joint does not have a designed clamp load but

relies on the shear strength of the bolt shaft. This may include clevis linkages, joints that can

move, and joints that rely on locking mechanism (like lock washers, thread adhesives, and

lock nuts). A rivet is a mechanical fastener. Before it is installed it consists of a smooth

cylindrical shaft with a head on one end. The end opposite the head is called the buck-tail.

On installation the rivet is placed in a pre-drilled hole. Then the tail is "upset" (i.e. deformed)

so that it expands to about 1.5 times the original shaft diameter and holds the rivet in place.

To distinguish between the two ends of the rivet, the original head is called the factory head

and the deformed end is called the shop head or buck-tail. Because there is effectively a head

on each end of an installed rivet it can support tension loads (loads parallel to the axis of the

shaft); however, it is much more capable of supporting shear loads (loads perpendicular to

the axis of the shaft). Bolts and screws are better suited for tension applications. Fastenings

used in traditional wooden boat building like copper nails and clinch bolts work on the

principle of the rivet but they were in use long before the term rivet was invented. So, where

they are remembered, they are usually classified among the nails and bolts respectively.

A process that joins materials, usually metals or thermoplastics, by causing coalescence. This

is often done by melting the workpieces and adding a filler material to form a pool of molten
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material (the weld puddle) that cools to become a strong joint, with pressure sometimes used

in conjunction with heat, or by itself, to produce the weld. This is in contrast with soldering

and brazing, which involve melting a lower-melting-point material between the workpieces

to form a bond between them, without melting the workpieces. Many different energy

sources can be used for welding, including a gas flame, an electric arc, a laser, an electron

beam, friction, and ultrasound. While often an industrial process, welding can be done in

many different environments, including open air, underwater and in space. Regardless of

location, however, welding remains dangerous, and precautions must be taken to avoid burns,

electric shock, eye damage, poisonous fumes, and overexposure to ultraviolet light.

2. Riveted Joints

2.1. Joint analysis

The stress and shear in a rivet is analyzed like a bolted joint. However, it is not wise

to combine rivets with bolts and screws in the same joint. Rivets fill the hole where

they are installed to establish a very tight fit (often called interference fit). It is

difficult or impossible to obtain such a tight fit with other fasteners. The result is that

rivets in the same joint with loose fasteners will carry more of the loadthey are

effectively more stiff. The rivet can then fail before it can redistribute load to the

other loose fit fasteners like bolts and screws. This often results in catastrophic failure

of the joint when the fasteners "unzip". In general, a joint composed of similar

fasteners is the most efficient because all fasteners will reach capacity

simultaneously.

2.2. Installation

2.2.1. Manual installation of a solid rivet

There are several methods for installing rivets. Rivets that are small enough

and soft enough are often "bucked". In this process the installer places a rivet

gun against the factory head and holds a bucking bar against the tail or a hard

working surface. The bucking bar is a specially shaped solid block of metal.

The rivet gun provides a series of high-impulse forces that upset the rivet in

place. Rivets that are large or hard may be more easily installed by squeezing
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instead. In this process a tool in contact with each end of the rivet clinches to

deform the rivet. Rivets may also be upset by hand, using a ball-peen hammer.

The head is placed in a special hole made to accommodate it, known as a

rivet-set. The hammer is applied to the buck-tail of the rivet, rolling an edge

so that it is flush against the fastened material.

2.3. Testing

A hammer is also used to "ring" an installed rivet to test for tightness and

imperfections. The inspector taps the head (usually the factory head) of the rivet with

the hammer while touching the rivet and base plate lightly with the other hand and

judges the quality of the audibly returned sound and the feel of the sound traveling

through the metal to the operator's fingers. A rivet tightly set in its hole will return a

clean and clear ring, while a loose rivet will return a recognizably different sound.

2.4. High Strength Structural Steel Rivets (ASTM 502A)

Until relatively recently, structural steel connections were either welded or riveted.

High-strength bolts have completely replaced structural steel rivets. Indeed, the latest

steel construction specifications published by AISC (the 13th Edition) no longer

covers their installation. The reason for the change is primarily due to the expense of

skilled workers required to install high strength structural steel rivets. Whereas two

relatively unskilled workers can install and tighten high strength bolts, it took a

minimum of four highly skilled riveters to install rivets in one joint at a time. At a

central location near the areas being riveted, a furnace was set up. Rivets were placed

in the furnace and heated to a glowing hot temperature, at which time the furnace

operator would use tongs to individually remove and throw them to catchers stationed

near the joints to be riveted. The catcher would place the glowing hot rivet into the

hole to be riveted, and quickly turn around to await the next rivet. One worker would

then hold a heavy rivet set against the round head of the rivet, while the hammerer

would apply a pneumatic rivet hammer to the unformed head, causing it to mushroom

tightly against the joint in its final domed shape. Upon cooling, the rivet would
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contract and exert further force tightening the joint. This process was repeated for

each rivet. The last commonly used high strength structural steel rivets were

designated ASTM A502 Grade 1 rivets.

2.5. Welding

2.5.1. Geometry

Welds can be geometrically prepared in many different ways. The five basic

types of weld joints are the butt joint, lap joint, corner joint, edge joint, and T-

joint. Other variations exist as wellfor example, double-V preparation joints

are characterized by the two pieces of material each tapering to a single center

point at one-half their height. Single-U and double-U preparation joints are

also fairly commoninstead of having straight edges like the single-V and

double-V preparation joints, they are curved, forming the shape of a U. Lap

joints are also commonly more than two pieces thickdepending on the process

used and the thickness of the material, many pieces can be welded together in

a lap joint geometry. Often, particular joint designs are used exclusively or

almost exclusively by certain welding processes. For example, resistance spot

welding, laser beam welding, and electron beam welding are most frequently

performed on lap joints. However, some welding methods, like shielded metal

arc welding, are extremely versatile and can weld virtually any type of joint.

Additionally, some processes can be used to make multipass welds, in which

one weld is allowed to cool, and then another weld is performed on top of it.

This allows for the welding of thick sections arranged in a single-V

preparation joint.

The cross-section of a welded butt joint, with the darkest gray representing the

weld or fusion zone, the medium gray the heat-affected zone, and the lightest

gray the base material. After welding, a number of distinct regions can be

identified in the weld area. The weld itself is called the fusion zonemore

specifically, it is where the filler metal was laid during the welding process.

The properties of the fusion zone depend primarily on the filler metal used,
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and its compatibility with the base materials. It is surrounded by the heat-

affected zone, the area that had its microstructure and properties altered by the

weld. These properties depend on the base material's behavior when subjected

to heat. The metal in this area is often weaker than both the base material and

the fusion zone, and is also where residual stresses are found.

2.5.2. Quality

Most often, the major metric used for judging the quality of a weld is its

strength and the strength of the material around it. Many distinct factors

influence this, including the welding method, the amount and concentration of

energy input, the base material, the filler material, the flux material, the design

of the joint, and the interactions between all these factors. To test the quality

of a weld, either destructive or nondestructive testing methods are commonly

used to verify that welds are defect-free, have acceptable levels of residual

stresses and distortion, and have acceptable heat-affected zone (HAZ)

properties. Welding codes and specifications exist to guide welders in proper

welding technique and in how to judge the quality of welds.

2.6. Heat-affected zone

The HAZ of a pipe weld, with the blue area being the metal most affected by the heat.

The blue area results from oxidation at a corresponding temperature of 600 F (316 C).

This is an accurate way to identify temperature, but does not represent the HAZ

width. The HAZ is the narrow area that immediately surrounds the welded base

metal. The effects of welding on the material surrounding the weld can be

detrimentaldepending on the materials used and the heat input of the welding process

used, the HAZ can be of varying size and strength. The thermal diffusivity of the base

material plays a large roleif the diffusivity is high, the material cooling rate is high

and the HAZ is relatively small. Conversely, a low diffusivity leads to slower cooling
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and a larger HAZ. The amount of heat injected by the welding process plays an

important role as well, as processes like oxyacetylene welding have an

unconcentrated heat input and increase the size of the HAZ. Processes like laser beam

welding give a highly concentrated, limited amount of heat, resulting in a small HAZ.

Arc welding falls between these two extremes, with the individual processes varying

somewhat in heat input. To calculate the heat input for arc welding procedures, the

following formula can be used:

Where, Q = heat input (kJ/mm), V = voltage (V), I = current (A), and S = welding

speed (mm/min). The efficiency is dependent on the welding process used, with

shielded metal arc welding having a value of 0.75, gas metal arc welding and

submerged arc welding, 0.9, and gas tungsten arc welding, 0.8.

2.7. Distortion and cracking

Welding methods that involve the melting of metal at the site of the joint necessarily

are prone to shrinkage as the heated metal cools. Shrinkage, in turn, can introduce

residual stresses and both longitudinal and rotational distortion. Distortion can pose a

major problem, since the final product is not the desired shape. To alleviate rotational

distortion, the workpieces can be offset, so that the welding results in a correctly

shaped piece. Other methods of limiting distortion, such as clamping the work pieces

in place, cause the buildup of residual stress in the heat-affected zone of the base

material. These stresses can reduce the strength of the base material, and can lead to

catastrophic failure through cold cracking, as in the case of several of the Liberty

ships. Cold cracking is limited to steels, and is associated with the formation of

martensite as the weld cools. The cracking occurs in the heat-affected zone of the

base material. To reduce the amount of distortion and residual stresses, the amount of

heat input should be limited, and the welding sequence used should not be from one

end directly to the other, but rather in segments. The other type of cracking, hot
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cracking or solidification cracking, can occur with all metals, and happens in the

fusion zone of a weld. To diminish the probability of this type of cracking, excess

material restraint should be avoided, and a proper filler material should be utilized.
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