
Structure basics

Topic Objective:

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

 Define the term structural analysis

 Describe the analytical method of structural analysis

 Highlight the limitations of the method

Definition/Overview:

Structural analysis: Structural Analysis comprises the set of physical laws and mathematics

required to study and predict the behavior of structures. The subjects of structural analysis are

engineering artifacts whose integrity is judged largely based upon their ability to withstand

loads; they commonly include buildings, bridges, aircraft, and ships. Structural analysis

incorporates the fields of mechanics and dynamics as well as the many failure theories. From a

theoretical perspective the primary goal of structural analysis is the computation of deformations,

internal forces, and stresses. In practice, structural analysis can be viewed more abstractly as a

method to drive the engineering design process or prove the soundness of a design without a

dependence on directly testing it.
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Key Points:

1. Analytical Methods

To perform an accurate analysis a structural engineer must determine such information as

structural loads, geometry, support conditions, and materials properties. The results of such

an analysis typically include support reactions, stresses and displacements. This information

is then compared to criteria that indicate the conditions of failure. Advanced structural

analysis may examine dynamic response, stability and non-linear behaviour. There are three

approaches to the analysis: the mechanics of materials approach (also known as strength of

materials), the elasticity theory approach (which is actually a special case of the more general

field of continuum mechanics), and the finite element approach. The first two make use of

analytical formulations which apply mostly to simple linear elastic models, lead to closed-

form solutions, and can often be solved by hand. The finite element approach is actually a

numerical method for solving differential equations generated by theories of mechanics such

as elasticity theory and strength of materials. However, the finite-element method depends

heavily on the processing power of computers and is more applicable to structures of

arbitrary size and complexity. Regardless of approach, the formulation is based on the same

three fundamental relations: equilibrium, constitutive, and compatibility. The solutions are

approximate when any of these relations are only approximately satisfied, or only an

approximation of reality.

2. Limitations

Each method has noteworthy limitations. The method of mechanics of materials is limited to

very simple structural elements under relatively simple loading conditions. The structural

elements and loading conditions allowed, however, are sufficient to solve many useful

engineering problems. The theory of elasticity allows the solution of structural elements of

general geometry under general loading conditions, in principle. Analytical solution,

however, is limited to relatively simple cases. The solution of elasticity problems also

requires the solution of a system of partial differential equations, which is considerably more
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mathematically demanding than the solution of mechanics of materials problems, which

require at most the solution of an ordinary differential equation. The finite element method is

perhaps the most restrictive and most useful at the same time. This method itself relies upon

other structural theories (such as the other two discussed here) for equations to solve. It does,

however, make it generally possible to solve these equations, even with highly complex

geometry and loading conditions, with the restriction that there is always some numerical

error. Effective and reliable use of this method requires a solid understanding of its

limitations.

3. Strength of materials methods (classical methods)

The simplest of the three methods here discussed, the mechanics of materials method is

available for simple structural members subject to specific loadings such as axially loaded

bars, prismatic beams in a state of pure bending, and circular shafts subject to torsion. The

solutions can under certain conditions be superimposed using the superposition principle to

analyze a member undergoing combined loading. Solutions for special cases exist for

common structures such as thin-walled pressure vessels. For the analysis of entire systems,

this approach can be used in conjunction with statics, giving rise to the method of sections

and method of joints for truss analysis, moment distribution for small rigid frames, and portal

frame and cantilever method for large rigid frames. Except for moment distribution, which

came into use in the 1930s, these methods were developed in their current forms in the

second half of the nineteenth century. They are still used for small structures and for

preliminary design of large structures. The solutions are based on linear isotropic

infinitesimal elasticity and Euler-Bernoulli beam theory. In other words, they contain the

assumptions (among others) that the materials in question are elastic, that stress is related

linearly to strain, that the material (but not the structure) behaves identically regardless of

direction of the applied load, that all deformations are small, and that beams are long relative

to their depth. As with any simplifying assumption in engineering, the more the model strays

from reality, the less useful (and more dangerous) the result.
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4. Elasticity methods

Elasticity methods are available generally for an elastic solid of any shape. Individual

members such as beams, columns, shafts, plates and shells may be modeled. The solutions

are derived from the equations of linear elasticity. The equations of elasticity are a system of

15 partial differential equations. Due to the nature of the mathematics involved, analytical

solutions may only be produced for relatively simple geometries. For complex geometries, a

numerical solution method such as the finite element method is necessary. Many of the

developments in the mechanics of materials and elasticity approaches have been expounded

or initiated by Stephen Timoshenko.

5. Finite element methods

Finite element method models a structure as an assembly of elements or components with

various forms of connection between them. Thus, a continuous system such as a plate or shell

is modeled as a discrete system with a finite number of elements interconnected at finite

number of nodes. The behaviour of individual elements is characterised by the element's

stiffness or flexibility relation, which altogether leads to the system's stiffness or flexibility

relation. To establish the element's stiffness or flexibility relation, we can use the mechanics

of materials approach for simple one-dimensional bar elements, and the elasticity approach

for more complex two- and three-dimensional elements. The analytical and computational

development are best effected throughout by means of matrix algebra. Early applications of

matrix methods were for articulated frameworks with truss, beam and column elements; later

and more advanced matrix methods, referred to as "finite element analysis," model an entire

structure with one-, two-, and three-dimensional elements and can be used for articulated

systems together with continuous systems such as a pressure vessel, plates, shells, and three-

dimensional solids. Commercial computer software for structural analysis typically uses

matrix finite-element analysis, which can be further classified into two main approaches: the

displacement or stiffness method and the force or flexibility method. The stiffness method is

the most popular by far thanks to its ease of implementation as well as of formulation for

advanced applications. The finite-element technology is now sophisticated enough to handle
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just about any system as long as sufficient computing power is available. Its applicability

includes, but is not limited to, linear and non-linear analysis, solid and fluid interactions,

materials that are isotropic, orthotropic, or anisotropic, and external effects that are static,

dynamic, and environmental factors. This, however, does not imply that the computed

solution will automatically be reliable because much depends on the model and the reliability

of the data input.

Topic Objective:

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

 Define the term design load

 Describe the uses and purposes of design load

 Highlight the concept of structural design

Definition/Overview:

Design Load: In a general sense, the design load is the maximum amount of something a

system is designed to handle or the maximum amount of something that the system can produce,

which are very different meanings. For example, a crane with a design load of 20 tons is

designed to be able to lift loads that weigh 20 tons or less. However, when a failure could be

catastrophic, such as a crane dropping its load or collapsing entirely, a factor of safety is

necessary. As a result, the crane should lift about 2 to 5 tons at the most.

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

5
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Key Points:

1. Design Load

`This is because engineers incorporate a Safety factor in their design, in order to ensure that

the system will be able to support at least the expected loads (called Specified loads, despite

any problems with construction, materials, etc that go unnoticed during construction. A

heater would have a general design load, meaning the maximum amount of heat it can

produce. A bridge would have a specified load, with the design load being determined by

engineers and applied as a theoretical load indended to ensure the actual real-world capacity

of the specified load.

2. Structural Design

In structural engineering, structural design is an iterative process of applying engineering

mechanics and past experience to create a functional, economic, and, most importantly, safe

structure for the public to inhabit or to use. Using structural analysis techniques and

conforming to design specifications and the local design codes, the structural design engineer

works to create a solution that is to everyone's benefit. Several latest Finite Element software

packages like ETABS, SAP 2000, SAFE, STAAD Pro, S-Concrete, STDesign, Grasp,

GEAR, PLS Tower, ATADS, FEM-Design etc. are widely used to do the repeatative, lengthy

and complicated calculations and structural analysis needed to obtain a safe and economic

design for a structure. Structural design as a process has evolved to its modern refinement

through hard lessons learned from various structural failures. Structures are divided into two

major categories, reinforced concrete structures, and steel frame structures. Reinforced

concrete can be designed by many methods but two of them are important.

Structural design is an expression of an understanding of the flow of forces. The distribution

of forces is initially understood diagramatically and mathematically. Based on this scientific

understanding, sketches of members and connections are developed. Structural design which

is highly expressive of the flow of forces is also associated with modern architectural design.

Structural design includes accommodation for the practicalities of construction, including on
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site assembly, shop assembled components, accessibility, and maintenance. Every structure

shall be designed to resist the overturning effects caused by the lateral forces specified in this

chapter 16, 2006 International Building Code, IBC, and Chapter 16. See Section 1609 for

wind, Section 1610 for lateral soil loads and Section 1613 through 1623 for earthquake. The

value for snow load, wind load and seismic load importance factors shall be determined in

accordance with Table 1604.5, 2006 International Building Code, ACI 2005 for USA or

NBC 2005 for Canada. Now-a-days Boundary layer Wind Tunnel Tests are usually done for

very tall and usually shaped (like a parabolic shape) buildings, and for cable suspension or

cable stayed bridges to understand the dynamic behaviour and response of the structure for

50 year return period high wind speeds in that particular location. To limit the daily

acceleration and deflection at the top of the building, different types of dampers and specially

designed rooftop water tanks acting as a damper are used. For dynamic analysis for

earthquakes, usually core shear walls are used to take the earthquake load.

Topic Objective:

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

 Define the term structure factor analysis

 Describe the background of statics of structures

 Highlight the conditions when structure analysis is applicable
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Definition/Overview:

Uses of structure factor statistics: More and more, crystallography is becoming a science

driven by probabilities and statistics. So, even though the probability distributions of structure

factors seem like a dry subject, it is becoming more essential to understand them.

These probability distributions have a number of uses:

 Scaling data

 Calculating phase probabilities for combining phase information

 Weighting map coefficients to reduce random error and model bias

 Maximum likelihood targets for:

1. Heavy atom refinement and phasing

2. Molecular replacement

3. Structure refinement

Maximum likelihood is becoming particularly important these days, and a proper understanding

depends on understanding the underlying probability distributions. The structure factor

distributions in common use can all be understood fairly easily through the central limit theorem.

This is a key result in probability theory, and it makes many manipulations much easier. Once

we have laid the groundwork, with the central limit theorem, we can go on to discuss various

common distributions and explore some of their uses.
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Key Points:

1. Background

It is probably useful to start with a quick discussion of the concept of a random variable. A

random variable is often a measured quantity with experimental error, but in general it can be

any variable with a range of possible values. Much of the time, the random variables we deal

with in experimental science are really the sums of a number of other independent random

variables. For instance, if you use a spectrophotometric assay to determine the concentration

of an enzyme, there will be a large number of independent sources of error: weighing and

measuring the various reagents to make up standard solutions, pipetting, timing the reactions,

calibrating and reading the spectrophotometer, and even noise in the electronics of the

spectrophotometer. If we knew all the possible sources of error and their individual

probability distributions, it turns out that what we should do to get the exact probability

distribution for their sum is to compute the convolution of all the individual probability

distributions. For many distributions the integrals for such convolutions are difficult, if not

impossible, to evaluate. Fortunately, the central limit theorem allows us to sidestep these

manipulations much of the time, by providing an approximation that is usually very good.

The central limit theorem tells us that a Gaussian probability distribution is usually

appropriate for a sum of random variables. To apply the central limit theorem we just need to

be able to evaluate the mean and variance of all the individual probability distributions,

which is usually much easier than evaluating the convolution integrals. Since many random

variables have a large number of error contributions, the central limit theorem is widely

relevant. This explains why Gaussian distributions appear almost ubiquitously in

experimental science. And (as we will see in the next lecture) this will turn out to explain

why least-squares optimization is used so widely.

2. Conditions

Engineers might expect the distribution of a sum to approach a Gaussian only for sums of

variables that have a bell-shaped distribution themselves. In fact, the central limit theorem
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applies regardless of the form of the individual distributions, within very general limits that

we won't have to worry about. There are two important conditions that must be satisfied

before the central limit theorem applies:

 There must be a sufficient number of independent random variables in the sum.

 None of the variables may dominate the distribution by having an exceptionally large

variance.

A "sufficient number" can actually be quite small. The sum of six numbers chosen with

uniform probability from the range of zero to one has a distribution that approaches a

Gaussian very well.

3. Evaluating parameters

Two parameters, the centroid (mean) and the variance (square of the standard deviation) are

required to describe a Gaussian distribution. When the central limit theorem applies,

 The centroid of the distribution of the sum is the sum of the centroids of the individual

distributions.

 The variance is the sum of the individual variances.

Mathematically, this is expressed as follows. The variable S is the sum of a number of

independent random variables:
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The mean value of a random variable is more properly its expected value, indicated below by

angle brackets. The expected value is the probability-weighted average, obtained by

integrating the variable weighted by its probability distribution.

Similarly, the variance is the expected value of the squared deviation from the mean. This

also involves an integral weighted by the probability distribution for the random variable.

As mentioned above, two parameters are needed to describe the Gaussian distribution for S,

its mean and its variance. These are obtained by summing the means and variances for the

individual random variables.

Finally, we can put this together in the equation for a Gaussian probability distribution to get

a good approximation for the distribution of S.

1. Wilson distribution

The Wilson distribution is the probability distribution for structure factors that applies when

we know how many atoms of each type there are in a crystal, but not where those atoms are

located. If we know the type of the atom then we know its scattering factor, f, but if we

assume that each atom could equally well be anywhere in the unit cell, the phase of its
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contribution to a structure factor could take any value. The Wilson distribution is useful (for

instance) for scaling data and determining the overall thermal motion. Basically, when we

know the identity of the atoms but not their positions, each acentric structure factor is the

result of a random walk in the complex plane.

Wilson saw that, because of the central limit theorem, the structure factor distribution for a

crystal structure with a sufficient number of atoms would have to be Gaussian. (In fact, the

number of atoms does not have to be too large, but the structure shouldn't be dominated by a

few heavy atoms.) An exact solution of the probability distribution is very complicated, but a

Gaussian approximation is easy to evaluate.

First, we separate the real and imaginary components of the structure factor.

The real and imaginary components of the structure factor are each sums with a term

contributed by each atom. We assume that the atoms are independently placed in the unit cell

so that the central limit theorem will apply. Then all we need to do is compute the mean and

the variance of the real and imaginary parts of the structure factor contributions from each

atom. The contribution of an atom must lie somewhere on a circle with radius fj, so we

integrate over all phases around that circle.

The mean value of either the real or imaginary component will be zero, because the cosine

and sine are equally positive and negative. The calculation of the variance is illustrated by
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integrating the square of the cosine over all possible values of the phase. (The factor of 1/2p

expresses a uniform probability for all phase angles.)

Similarly, the integral over the imaginary component gives a value of fj2.

As for the individual atomic contributions, the mean value of the real and imaginary

components of the structure factor is zero. The variance of each is the sum of the atomic

variances. We define a new parameter, SN, to be the sum of the atomic scattering factors

squared for all atoms in the structure.

Then we have a simple expression for the probability distributions of the real and imaginary

parts of the structure factor.

Finally, we assume that the real and imaginary parts of the structure factor are independent,

so that their joint distribution (the distribution for the structure factor, F, itself) is the product

of the two distributions. This is a two-dimensional Gaussian in the complex plane. (Note that

we can substitute the magnitude of the structure factor squared for the sum of the squares of

its real and imaginary components.) A common notation for joint probability distributions

separates the variables by commas, as in the equation below.

This distribution is illustrated schematically below.
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The central limit theorem, as promised, has given us a Gaussian distribution for structure

factors. But this distribution is for the structure factors as complex numbers. What we

measure in the diffraction experiment is the intensity, which is proportional to the square of

the amplitude. To apply the Wilson distribution to amplitudes or intensities, we have to

transform variables and integrate out the phase. This changes the form of the distribution,

which is no longer Gaussian.

Topic Objective:

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

 Define the term trusses and plane truss.

 Describe the types of trusses

 Highlight the uses and application of truss in construction

Definition/Overview:

Truss: In architecture and structural engineering, a truss is a structure comprising one or more

triangular units constructed with straight slender members whose ends are connected at joints.

Plane Truss: A plane truss is one where all the members and joints lie within a 2-dimensional

plane, while a space truss has members and joints extending into 3 dimensions.
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Key Points:

1. Truss types

There are two basic types of truss:

 The pitched truss, or common truss, is characterized by its triangular shape. It is most

often used for roof construction. Some common trusses are named according to their web

configuration. The chord size and web configuration are determined by span, load and

spacing.

 The parallel chord truss, or flat truss, gets its name from its parallel top and bottom

chords. It is often used for floor construction.

A combination of the two is a truncated truss, used in hip roof construction. A metal plate-

connected wood truss is a roof or floor truss whose wood members are connected with metal

connector plates.

2. Pratt truss

The Pratt truss was patented in 1844 by two Boston railway engineers; Caleb Pratt and his

son Thomas Willis Pratt. The design uses vertical beams for compression and horizontal

beams to respond to tension. What is remarkable about this style is that it remained popular

even as wood gave way to iron, and even still as iron gave way to steel. The Southern Pacific

Railroad Bridge in Tempe, Arizona is a 393 meter (1291 foot) long truss bridge built in 1912.

The structure is composed of nine Pratt truss spans of varying lengths. The bridge is still in

use today.
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3. Bow string roof truss

Named for its distinctive shape, thousands of bow strings were used during World War II for

aircraft hangars and other military buildings.

4. King post truss

One of the simplest truss styles to implement, the king post consists of two angled supports

leaning into a common vertical support.

 The queen post truss, sometimes queenpost or queenspost, is similar to a king post truss

in that the outer supports are angled towards the center of the structure. The primary

difference is the horizontal extension at the centre which relies on beam action to provide

mechanical stability. This truss style is only suitable for relatively short spans.

 Town's lattice truss: American architect Ithiel Town designed Town's Lattice Truss as

an alternative to heavy-timber bridges. His design, patented in 1835, uses easy-to-handle

planks arranged diagonally with short spaces in between them.

5. Vierendeel truss

A Vierendeel bridge; note the lack of diagonal elements in the primary structure and the way

bending loads are carried between elements The Vierendeel truss is a truss where the

members are not triangulated but form rectangular openings, and is a frame with fixed joints

that are capable of transferring and resisting bending moments. Regular trusses comprise

members that are commonly assumed to have pinned joints with the implication that no

moments exist at the jointed ends. This style of truss was named after the Belgian engineer

Arthur Vierendeel, who developed the design in 1896 The beauty of this type of truss is that

there is no diagonal bracing, the creation of rectangular openings for windows and doors is

simplified and in cases the need for compensating shear walls is reduced or eliminated. After
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being damaged by the impact of plane hitting the building parts of the framed curtain walls of

the Twin Towers of the World Trade Center resisted collapse by Vierendeel action displayed

by the remaining portions of the frame. .

6. Statics of trusses

A truss that is assumed to comprise members that are connected by means of pin joints, and

which is supported at both ends by means of a hinged joints or rollers, is described as being

statically determinate. Newton's Laws apply to the structure as a whole, as well as to each

node or joint. In order for any node that may be subject to an external load or force to remain

static in space, the following conditions must hold: the sums of all horizontal forces, all

vertical forces, as well as all moments acting about the node equal zero. Analysis of these

conditions at each node yields the magnitude of the forces in each member of the truss. These

may be compression or tension forces. Trusses that are supported at more than two positions

are said to be statically indeterminate, and the application of Newton's Laws alone is not

sufficient to determine the member forces. In order for a truss with pin-connected members

to be stable, it must be entirely composed of triangles. In mathematical terms, we have the

following necessary condition for stability:

where m is the total number of truss members, j is the total number of joints and r is the

number of reactions (equal to 3 generally) in a 2-dimensional structure. When m = 2j − 3, the

truss is said to be statically determinate, because the (m+3) internal member forces and

support reactions can then be completely determined by 2j equilibrium equations, once we

know the external loads and the geometry of the truss. Given a certain number of joints, this

is the minimum number of members, in the sense that if any member is taken out (or fails),

then the truss as a whole fails. While the relation (a) is necessary, it is not sufficient for

stability, which also depends on the truss geometry, support conditions and the load carrying

capacity of the members. Some structures are built with more than this minimum number of

truss members. Those structures may survive even when some of the members fail. They are

called statically indeterminate structures, because their member forces depend on the relative

stiffness of the members, in addition to the equilibrium condition described.
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7. Analysis of trusses

Because the forces in each of its two main girders are essentially planar, a truss is usually

modeled as a two-dimensional plane frame. If there are significant out-of-plane forces, the

structure must be modeled as a three-dimensional space. The analysis of trusses often

assumes that loads are applied to joints only and not at intermediate points along the

members. The weight of the members is often insignificant compared to the applied loads

and so is often omitted. If required, half of the weight of each member may be applied to its

two end joints. Provided the members are long and slender, the moments transmitted through

the joints are negligible and they can be treated as "hinges" or 'pin-joints'. Every member of

the truss is then in pure compression or pure tension shear, bending moment, and other more

complex stresses are all practically zero. This makes trusses easier to analyze. This also

makes trusses physically stronger than other ways of arranging material because nearly every

material can hold a much larger load in tension and compression than in shear, bending,

torsion, or other kinds of force. Structural analysis of trusses of any type can readily be

carried out using a matrix method such as the matrix stiffness method, the flexibility method

or the finite element method.

8. Forces in members

On the right is a simple, statically determinate flat truss with 9 joints and (2 x 9) − 3 = 15

members. External loads are concentrated in the outer joints. Since this is a symmetrical truss

with symmetrical vertical loads, it is clear to see that the reactions at A and B are equal,

vertical and half the total load. The internal forces in the members of the truss can be

calculated in a variety of ways including the graphical methods:

 Cremona diagram

 Culmann diagram
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9. Design of members

A truss can be thought of as a beam where the web consists of a series of separate members

instead of a continuous plate. In the truss, the lower horizontal member (the bottom chord)

and the upper horizontal member (the top chord) carry tension and compression, fulfilling

the same function as the flanges of an I-beam. Which chord carries tension and which carries

compression depends on the overall direction of bending. In the truss pictured above right,

the bottom chord is in tension, and the top chord in compression. The diagonal and vertical

members form the truss web, and carry the shear force. Individually, they are also in tension

and compression, the exact arrangement of forces depending on the type of truss and again

on the direction of bending. In the truss shown above right, the vertical members are in

tension, and the diagonals are in compression. In addition to carrying the static forces, the

members serve additional functions of stabilizing each other, preventing buckling. In the

picture, the top chord is prevented from buckling by the presence of bracing and by the

stiffness of the web members.

The inclusion of the elements shown is largely an engineering decision based upon

economics, being a balance between the costs of raw materials, off-site fabrication,

component transportation, on-site erection, the availability of machinery and the cost of

labor. In other cases the appearance of the structure may take on greater importance and so

influence the design decisions beyond mere matters of economics. Modern materials such as

prestressed concrete and fabrication methods, such as automated welding, have significantly

influenced the design of modern bridges. Once the force on each member is known, the next

step is to determine the cross section of the individual truss members. For members under

tension the cross-sectional area A can be found using A = F γ / σy, where F is the force in the

member, γ is a safety factor (typically 1.5 but depending on building codes) and σy is the

yield tensile strength of the steel used. The members under compression also have to be

designed to be safe against buckling. The weight of a truss member depends directly on its

cross section -- that weight partially determines how strong the other members of the truss

need to be. Giving one member a larger cross section than on a previous iteration requires
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giving other members a larger cross section as well, to hold the greater weight of the first

member -- one needs to go through another iteration to find exactly how much greater the

other members need to be. Sometimes the designer goes through several iterations of the

design process to converge on the "right" cross section for each member. On the other hand,

reducing the size of one member from the previous iteration merely makes the other

members have a larger (and more expensive) safety factor than is technically necessary, but

doesn't require another iteration to find a buildable truss. The effect of the weight of the

individual truss members in a large truss, such as a bridge, is usually insignificant compared

to the force of the external loads.

10. Design of joints

After determining the minimum cross section of the members, the last step in the design of a

truss would be detailing of the bolted joints, e.g., involving shear of the bolt connections used

in the joints,

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

Cables

Arches

Live Load Forces: Influence Lines For Determinate Structures

Topic Objective:

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

 Define the term beam

 Describe the construction of beam

 Highlight the types of beams with respect to its applicability

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

20
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



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.

Beams are characterized by their profile (the shape of their cross-section), their length, and their

material. In contemporary construction, beams are typically made of steel, reinforced concrete,

or wood. One of the most common types of steel beam is the I-beam or wide-flange beam (also

known as a "universal beam" or, for stouter sections, a "universal column"). This is commonly

used in steel-frame buildings and bridges. Other common beam profiles are the C-channel, the

hollow structural section beam, the pipe, and the angle.

Key Points:

1. Beams

1.1. Determination of the bending moment
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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.

1.2. 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, 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.
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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.

The universal beam flange sections are three times further apart than the solid beam's upper

and lower halves. The second moment of inertia of the universal beam is nine times that of

the square beam of equal cross section (universal beam web ignored for simplification)

2. General shapes

A support beam frequently used in construction (to keep a building uprght while the concrete

hardens) 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 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
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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

Topic Objective:

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

 Define the term wire rope

 Describe the uses of wire rope in modern times

 Highlight the importance of wire rope in construction process

Definition/Overview:

Wire rope: Wire rope consists of several strands laid (or 'twisted') together like a helix. Each

strand is likewise made of metal wires laid together like a helix. Initially wrought iron wires

were used, but today steel is the main material used for wire ropes.

Key Points:

1. Wire Rope

Modern wire rope was invented by the German mining engineer Wilhelm Albert in the years

between 1831 and 1834 for use in mining in the Harz Mountains in Clausthal, Lower

Saxony, Germany. It was quickly accepted because it proved superior to ropes made of hemp

or to metal chains, such as had been used before. Wilhelm Albert's first ropes consisted of

wires twisted about a hemp rope core, six such strands then being twisted around another
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hemp rope core in alternating directions for extra stability. Earlier forms of wire rope had

been made by covering a bundle of wires with hemp. In America wire rope was later

manufactured by John A. Roebling, forming the basis for his success in suspension bridge

building. Roebling introduced a number of innovations in the design, materials and

manufacture of wire rope. Manufacturing a wire rope is similar to making one from natural

fibers. The individual wires are first twisted into a strand, and then six or so such strands

again twisted around a core. This core may consist of steel, but also of natural fibers such as

sisal, manila, henequen, jute, or hemp. This is used to cushion off stress forces when bending

the rope. This flexibility is particularly vital in ropes used in machinery such as cranes or

elevators as well as ropes used in transportation modes such as cable cars, cable railways,

funiculars and aerial lifts. It is not quite so essential in suspension bridges and similar uses.

Wire rope is often sold with vinyl and nylon coatings. This increases weather resistance and

overall durability, however it can lead to weak joints if the coating is not removed correctly

underneath joints and connections.

2. Lay of wire rope

The lay of a wire rope describes the manner in which either the wires in a strand, or the

strands in the rope, are laid in a helix.

3. Left and right hand lay

Left hand lay or right hand lay describe the manner in which the strands are laid to form the

rope. To determine the lay of strands in the rope, a viewer looks at the rope as it points away

from them. If the strands appear to turn in a clockwise direction, or like a right-hand thread,

as the strands progress away from the viewer, the rope has a right hand lay. The picture of

steel wire rope on this page shows a rope with right hand lay. If the strands appear to turn in

an anti-clockwise direction, or like a left-hand thread, as the strands progress away from the

viewer, the rope has a left hand lay.
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4. Ordinary, Lang's and alternate lay

Ordinary and Lang's lay describe the manner in which the wires are laid to form a strand of

the wire rope. To determine which has been used first identify if left or right hand lay has

been used to make the rope. Then identify if a right or left hand lay has been used to twist the

wires in each strand.

Ordinary

lay

The lay of wires in each strand is in the opposite direction to the lay of the strands

that form the wire.

Lang's lay The lay of wires in each strand is in the same direction as the lay of the strands that

form the wire.

Alternate

lay

The lay of wires in the strands alternate around the rope between being in the

opposite and same direction to the lay of the strands that form the wire rope.

Regular lay Alternate term for ordinary lay.

Albert's lay Archaic term for Lang's lay.

Reverse lay Alternate term for alternate lay.

Spring lay This is not a term used to classify a lay as defined in this section. It refers to a

specific construction type of wire rope.

[Table 1: Construction and specification]

5. Wire rope construction

The specification of a wire rope type including the number of wires per strand, the number of

strands, and the lay of the rope is documented using a commonly accepted coding system,

consisting of a number of abbreviations. This is easily demonstrated with a simple example.

The rope shown in the figure "Wire rope construction" is designated thus: 6x19 FC RH OL

FSWR
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6 Number of strands that make up the rope

19 Number of wires that make up each strand

FC Fiber core

RH Right hand lay

OL Ordinary lay

FSWR Flexible steel wire rope

[Table 2: Wire rope Construction]

Each of the sections of the wire rope designation described above is variable. There are

therefore a large number of combinations of wire rope that can be specified in this manner.

The following abbreviations are commonly used to specify a wire rope.

Abbr. Description

FC Fibre core

FSWR Flexible steel wire rope

FW Filler wire

IWR Independent wire rope

IWRC Independent wire rope core

J Jute (fibre)

LH Left hand lay

LL Lang's lay

NR Non-rotating

OL Ordinary lay

RH Right hand lay

S Seale
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SF Seale filler wire

SW Seale Warrington

SWL Safe working load

TS Triangular strand

W Warrington

WF Warriflex

WLL Working load limit

WS Warrington Seale

[Table 3: Abbreviation of Wire Rope Construction material]

6. Terminations

The end of a wire rope tends to fray readily, and cannot be easily connected to plant and

equipment. A number of different mechanisms exist to secure the ends of wire ropes to make

them more useful. The most common and useful type of end fitting for a wire rope is when

the end is turned back to form a loop. The loose end is then fixed by any number of methods

back to the wire rope.

7. Thimbles

When the wire rope is terminated with a loop, there is a risk that the wire rope can bend too

tightly, especially when the loop is connected to a device that spreads the load over a

relatively small area. A thimble can be installed inside the loop to preserve the natural shape

of the loop, and protect the cable from pinching and abrasion on the inside of the loop. The

use of thimbles in loops is industry best practice. The thimble prevents the load from coming

into direct contact with the wires.
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8. Wire rope clamps(DOG CLAMPS)

A wire rope clamp, also called a clip, is used to fix the loose end of the loop back to the wire

rope. It usually consists of a u-shaped bolt, a forged saddle and two nuts. The two layers of

wire rope are placed in the u-bolt. The saddle is then fitted over the ropes on to the bolt (the

saddle includes two holes to fit to the u-bolt). The nuts secure the arrangement in place.

Three or more clamps are usually used to terminate a wire rope.

9. Swaged terminations

Swaging is a method of wire rope termination that refers to the installation technique. The

purpose of swaging wire rope fittings is to connect two wire rope ends together, or to

otherwise terminate one end of wire rope to something else. A mechanical or hydraulic

swager is used to compress and deform the fitting, creating a permanent connection. There

are many types of swaged fittings. Threaded Studs, Ferrules, Sockets, and Sleeves a few

examples.

10. Sockets

A socket termination is useful when the fitting needs to be replaced frequently. For example,

if the end of a wire rope is in a high-wear region, the rope may be periodically trimmed,

requiring the termination hardware to be removed and reapplied. An example of this is on the

ends of the drag ropes on a dragline. The end loop of the wire rope enters a tapered opening

in the socket, wrapped around a separate component called the wedge. The arrangement is

knocked in place, and load gradually eased onto the rope. As the load increases on the wire

rope, the wedge becomes more secure, gripping the rope tighter.
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11. Eye splice

An eye splice may be used to terminate the loose end of a wire rope when forming a loop.

The strands of the end of a wire rope are unwound a certain distance, and plaited back into

the wire rope, forming the loop, or an eye, called an eye splice.

Topic Objective:

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

 Define the term arch

 Describe the purpose of arches in construction

 Highlight the procedure of arch building and calculations

Definition/Overview:

Arch: An arch is a structure capable of spanning a space while supporting significant weight

(e.g. a doorway in a stone wall). True arches appeared as early as the 2nd millennium BC in

Mesopotamian brick architecture and in Persian ziggurats True arches were also built by the

Babylonians in the 6th century BC The arch then spread to Europe and was adopted by the

Ancient Greeks, Etruscans, and Ancient Romans. The arch became an important technique in

medieval European cathedral building as well as Islamic architecture. Across the ocean in

Mexico and Central America, Mesoamerican civilizations created various types of corbelled
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arches, such as with the interior tunnels in the Great Pyramid of Cholula and the many styles of

corbelled arches built by the Mayan civilization. In Peru, the Inca civilization used a trapezoidal

arch in their architecture. The arch is still used today in some modern structures such as bridges.

In this diagram:

1. Keystone 2. Voussoir 3. Extrados 4. Impost 5. Intrados 6. Rise 7. Clear span 8. Abutment

Key Points:

1. Construction

An arch requires all of its elements to hold it together, raising the question of how an arch is

constructed. One answer is to build a frame (historically, of wood) which exactly follows the

form of the underside of the arch. This is known as a centre or centring. The voussoirs are

laid on it until the arch is complete and self-supporting. For an arch higher than head height,

scaffolding would in any case be required by the builders, so the scaffolding can be

combined with the arch support. Occasionally arches would fall down when the frame was

removed if construction or planning had been incorrect. (The A85 bridge at Dalmally,

Scotland suffered this fate on its first attempt, in the 1940s). The interior and lower line or

curve of an arch is known as the intrados. Old arches sometimes need reinforcement due to

decay of the keystones, known as bald arch.
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2. Types of Arch By Design

3. Technical aspects

The arch is significant because, in theory at least, it provides a structure which eliminates

tensile stresses in spanning an open space. All the forces are resolved into compressive

stresses. This is useful because several of the available building materials such as stone, cast

iron and concrete can strongly resist compression but are very weak when tension, shear or

torsional stress is applied to them. By using the arch configuration, significant spans can be

achieved. This is because all the compressive forces hold it together in a state of equilibrium.

This even applies to frictionless surfaces. However, one downside is that an arch pushes

outward at the base, and this needs to be restrained in some way, either with heavy sides and

friction or angled cuts into bedrock or similar. This same principle holds when the force

acting on the arch is not vertical such as in spanning a doorway, but horizontal, such as in

arched retaining walls or dams. Even when using concrete, where the structure may be

monolithic, the principle of the arch is used so as to benefit from the concrete's strength in

resisting compressive stress. Where any other form of stress is raised, it has to be resisted by

carefully placed reinforcement rods or fibres.

A blind arch is an arch infilled with solid construction so it cannot function as a window,

door, or passageway. A dome is a three-dimensional application of the arch, rotated about the

center axis. Igloos are notable vernacular structures making use of domes. Natural rock

formations may also be referred to as arches. These natural arches are formed by erosion

rather than being carved or constructed by man. See Arches National Park for examples. A

special form of the arch is the triumphal arch, usually built to celebrate a victory in war. A

famous example is the Arc de Triomphe in Paris, France. A vault is an application of the arch

extended horizontally in two dimensions; the groin vault is the intersection of two vaults.
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Topic Objective:

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

 Define the term dead and live loads

 Describe the concept and uses of live loads

 Highlight the real world usage of live loads

Definition/Overview:

Dead and Live loads: Dead and Live Loads: are terms used in mechanical and structural

engineering, especially where analysis of real world objects is required. A 'load' refers to any

type of force exerted on an object, which may be in the form of a 'weight' (gravitational force), a

pressure, or anything which affects the object in question.

Key Points:

1. Live loads

Live loads, sometimes referred to as probablistic load include all the forces that are variable

within the object's normal operation cycle. Using the staircase example the live load would

be considered to be:
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 Pressure of feet on the stair treads (variable depending on usage and size)

 Wind load (if the staircase happens to be outside)

Live loads do not include construction or environmental loads such as:

 Wind load

 Snow load

 Rain load

 Earthquake load

 Flood load

 Dead load

Live loads (Roof) produced:

 During maintenance by workers, equipment and materials; and

 During the life of the structure by movable objects such as planters and by people.

2. Real world usage

The reason for splitting loads into these categories is not always apparent, and in terms of the

actual load on the object there is no difference between dead or live loading. For the most

part, the split occurs for use in safety calculations or ease of analysis on complex models.

When considering the feasibility of a structure, safety always takes precedent and because of

this governing bodies around the world have regulations to which structures have to adhere.

Using the example of the staircase, if it was intended for use in the UK it would have to

follow British and European Standards:

 BS 4592: Industrial type flooring and stair treads
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 BS 5395: Code of practice for the design of straight stairs

 Other standards specific to the application (e.g. BS 14122-3:2001: Permanent means

of access to machinery. Stairways, stepladders and guard-rails)

Within these standards a safety factor is usually determined where the structure should be

able to withstand a certain force above the maximum expected load. Once again using the

staircase example, assuming it is an indoor medium-usage industrial staircase the current

safety factor would be 1.4 times the maximum stress imposed by the dead load and 1.6 times

the maximum stress imposed by the live load. The reason for the disparity between values,

and thus the reason the loads are initially categorized as dead or live is because while it is not

unreasonable to expect a large number of people ascending the staircase at once (or the wind

speed increasing, snowfall or any other live load increase), it is less likely that the structure

will experience much change in its permanent load. The same can be said of many structures

and so it is convenient to assess loading based on its application.

3. Calculating combined loads

It is worth noting that on first inspection it seems you should find the maximum stress for

each of dead and live, factor them and add them together. This will give you a massively

overestimated stress result. The combination needs to be applied with great care and almost

exclusively programmatically because you may only combine two stress results at the same

point. Since the maximum stress is very rarely at the same place in a structure for dead and

live it may well be the case that the overall increase is a fraction of the addition of the two

maximum stresses and in a completely different position two either of the two original

maximums. To clarify, take the staircase analysis. The maximum stress under dead load

appears at the foot of a support beam and it is 80 Nmm-2, at this point the stress from the live

load is 5 Nmm-2. The maximum stress under live load is 60 Nmm-2 and appears at the

corner of the second stairtread where the dead load stress is 30 Nmm-2. At a third point the

stresses from both dead and live are 50 Nmm-2. Given these figures you can see that the

combined load cases for each point would be:
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 80 x 1.4 + 5 x 1.6 = 120

 30 x 1.4 + 60 x 1.6 = 138

 50 x 1.4 + 50 x 1.6 = 150

As you can see the maximum combined stress appears away from both the original maxima

but is still well under the 275 Nmm-2 yield point of the structural steel this staircase is made

of so in this case we could say that the structure is safe.

In Section 3 of this course you will cover these topics:
Deflections Of Beams And Frames

Work-Energy Methods For Computing Deflections

Analysis Of Indeterminate Structures By The Flexibility Method

Analysis Of Indeterminate Beams And Frames By The Slope-Deflection Method

Topic Objective:

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

 Define the term deflection

 Describe the uses of deflection with calculation

 Highlight the importance of beam and frame deflection
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Definition/Overview:

Deflection: In engineering mechanics, deflection is a term that is used to describe the degree to

which a structural element is displaced under a load.

Key Points:

1. Deflection

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. 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.

2. Beam Deflection

The deflection of a spring beam depends on its length, its cross-sectional shape, the material,

where the deflecting force is applied, and how the beam is supported. The equations given

here are for homogenous, linearly elastic materials, and where the rotations of a beam are

small. In the following examples, only loads applying at a single point or single points are

considered - the application point of force F in the diagrams is intended to denote a model

locomotive hornblock (or vehicle axlebox) able to move vertically in a hornguide, and acting

against the force of the spring beam fixed to or carried by the locomotive or vehicle

mainframes. The proportion of the total weight acting on each axle of a loco or vehicle will

depend on the position of its centre of gravity in relation to the axle (or the chassis fixing

points of equalizing beams where these are used).
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3. Application to model locomotive horn-blocks

As can be seen from the equations, the thickness of the material (h or d) is very critical, and

hence the incremental sizes in the range of guitar strings available make them very attractive

for use as spring beams. There is also a considerable difference in the deflection of a beam,

for a given force, depending on how it is supported and fixed and whether it is supported at

one end only or at both ends. It is suggested that design should be based on a given deflection

of a horn-block, and then determine what length, thickness and style of beam is most suitable

for the specific force intended to be supported by each axle. For locos weighted to be

between 4 and 6 grams per prototype ton, the masses to be supported by each individual

locomotive horn-block are likely to fall within the range 30 to 60 grams (equating to a

prototype loading of between 14 and 20 tons per axle).

4. Design Challenge

Does the metal yield before or after the structure has buckled and collapsed? The material is

D50 steel, with a yield stress of 355 MPa (50,000 psi). A vertical load is applied at the mid-

point of the beam.

The left hand picture shows the stresses at 10 tonnes load: the metal in the region shown red

has yielded. If buckling has occurred, a tell-tale sign is that even though the load was applied

vertically, significant horizontal deflection would occur. The diagram on the right shows

what the beam would look like after buckling. Buckling in fact occurs at about 47 tonnes

load. Thus this beam would yield before buckling; and the ability of the metal to withstand

yielding is the limitation on the design.

5. Deflection equations and diagrams

Note on diagrams and equations. The diagrams given here have been inverted from their

normal textbook presentation, to reflect their application for model locomotive and vehicle

axleboxes. However, whilst the equations for deflection have been kept consistent with their

textbook presentation, the normal sign convention (+ or -, to indicate deflections in the

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

38
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



vertical y axis from the beam datum line) has been ignored, as we are concerned here only

with the absolute value of a beam deflection.

5.1. End load on cantilever beam with single fixed support

δ = FL3/3EI

This equation should also be used for the deflection of an equalizing beam rotating about a

fixed axis and bearing onto two hornblocks either side of the pivoting axis.

5.2. Centre load on beam with two simple supports

δ = FL3/48EI

5.3. Intermediate load on beam with two simple supports

The deflection at distance a from the left-hand support is:

δ = Fa2(L - a)2/3EIL

5.4. Twin loads on beam with two simple supports

The application of this would be for two hornblocks pressing up against a single

beam. The deflection at distance from the adjacent support is:

δ = Fa2(3L - 4a)/6EI

5.5. Overhanging load on beam constrained by two simple supports

δ = Fa2(L + a)/3EI

5.6. Intermediate/centre load on beam with one fixed and one simple support

The deflection at length from the fixed support is:
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δ = Fa3(L - a)2(4L - a)/12EIL3

For a load in the centre of the beam, substituting a = L/2 in the above equation, the

deflection is:

δ = 3.5FL3/384EI

5.7. Centre load on beam with 2 fixed supports

δ = FL3/192EI

5.8. Intermediate load on beam with two fixed supports

The deflection at distance a from the fixed support is:

δ = Fa2(3L - 4a)/48EI

Topic Objective:

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

 Define the term work energy method

 Describe the elastic deflection process with calculation

Definition/Overview:

Work Energy Method: The method of virtual work, or sometimes referred to as the unit-load

method, is one of the several techniques available that can be used to solve for displacements and

rotations at any point on a structure.
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Key Points:

1. 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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2. Calculation

The following relationships are used to calculate:

2.1. Deflection (translation) at a point:

2.2. Rotation at a point:

Where Q is a virtual load applied at the point of interest in the direction of interest

(i.e., in the direction of which a displacement needs to be calculated). This Q load is

often taken to be unity and must be consistent with the units being used in the

analysis (i.e., the load Q is a unit force or a unit moment in the case of calculating a

translation and rotation, respectively). The moments M and m are the moments

induced in a structure due to the applied "real" loads and the virtual load, Q,

respectively. E and I are the Young's modulus and the moment of inertia for the

member over which the integration is being evaluated.

The integration to solve for the displacement can be carried out using either direct

integration or by utilizing a visual integration method. With direct integration, the

equations of M and m for each segment of the structure must be developed for use in

the equation,

The determination of the moments M and m due to the applied "real" loads and the

virtual load respectively can be quite difficult and is prone to error, especially with

complex bending moment diagrams. An alternative to this approach is to construct

the moment diagrams by using either the method of superposition or the cantilever

method (examples for each method are given below). The visual integration technique
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is a simplified process that completes the integration of equations (1) and (2) by

utilizing the following relationship,

Where n is the number of segments in the M diagram. The segments are selected and

numbered to simplify the integration of equation 4. A is the area of the moment

diagram of each segment and h is the respective height of the m diagram at the

centroid of each segment of the moment diagram, M. By using equation (4), the

calculation of deflections and rotations becomes a simple matter of addition rather

than integration.

Topic Objective:

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

 Define the term flexibility method

 Describe the process and calculation of member flexibility

 Highlight the purpose of these calculations in construction process

Definition/Overview:

Flexibility Method: In structural engineering, the flexibility method is the classical consistent

deformation method for computing member forces and displacements in structural systems. Its

modern version formulated in terms of the members' flexibility matrices also has the name the

matrix force method due to its use of member forces as the primary unknowns.
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Key Points:

1. Member flexibility

Flexibility is the inverse of stiffness. For example, consider a spring that has Q and q as,

respectively, its force and deformation:

 The spring stiffness relation is Q = k q where k is the spring stiffness.

 Its flexibility relation is q = f Q, where f is the spring flexibility.

 Hence, f = 1/k.

A typical member flexibility relation has the following general form:

where

m = member number m.

= vector of member's characteristic deformations.

= member flexibility matrix which characterizes the member's susceptibility to

deform under forces.

= vector of member's independent characteristic forces, which are unknown internal

forces. These independent forces give rise to all member-end forces by member

equilibrium.

= vector of member's characteristic deformations caused by external effects (such as

known forces and temperature changes) applied to the isolated, disconnected member

(i.e. with ).
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For a system composed of many members interconnected at points called nodes, the

members' flexibility relations can be put together into a single matrix equation, dropping the

superscript m:

Where M is the total number of members' characteristic deformations or forces in the system.

Unlike the matrix stiffness method, where the members' stiffness relations can be readily

integrated via nodal equilibrium and compatibility conditions, the present flexibility form of

equation (2) poses serious difficulty. With member forces as the primary unknowns,

the number of nodal equilibrium equations is insufficient for solution, in general--unless the

system is statically determinate.

2. Nodal equilibrium equations

To resolve this difficulty, first we make use of the nodal equilibrium equations in order to

reduce the number of independent unknown member forces. The nodal equilibrium equation

for the system has the form:

Where,

: Vector of nodal forces at all N degrees of freedom of the system.

: The resulting nodal equilibrium matrix

: The vector of forces arising from loading on the members.
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In the case of determinate systems, matrix b is square and the solution for Q can be found

immediately from (3) provided that the system is stable.

3. The primary system

For statically indeterminate systems, M > N, and hence, we can augment (3) with I = M-N

equations of the form:

The vector X is the so-called vector of redundant forces and I is the degree of statical

indeterminacy of the system. We usually choose j, k, ... , α, and β such that Xi is a support

reaction or an internal member-end force. With suitable choices of redundant forces, the

equation system (3) augmented by (4) can now be solved to obtain:

Equations (5) and (6) are the solution for the primary system which is the original system that

has been rendered statically determinate by cuts that expose the redundant forces .

Equation (5) effectively reduces the set of unknown forces to .

4. Compatibility equation and solution

Next, we need to set up I compatibility equations in order to find . The compatibility

equations restore the required continuity at the cut sections by setting the relative

displacements at the redundants X to zero. That is, using the unit dummy force method:

Equation (7b) can be solved for X, and the member forces are next found from (5) while the

nodal displacements can be found by:
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Supports' movements taking place at the redundants can be included in the right-hand-side of

equation (7), while supports' movements at other places must be included in and as

well. For educational purposes, the above computations are best done using the computer

with a suitable software package such as MATLAB or the freeware CMAP

5. Advantages and disadvantages

While the choice of redundants in (4) appears to be arbitrary and troublesome for automatic

computation, this objection can be overcome by proceeding from (3) directly to (5) using a

modified Gauss-Jordan elimination process. This is a robust procedure that automatically

selects a good set of redundant forces to ensure numerical stability. It is apparent from the

above process that the matrix stiffness method is easier to comprehend and to implement for

automatic computation. It is also easier to extend for advanced applications such as non-

linear analysis, stability, vibrations, etc. For these reasons, the matrix stiffness method is the

method of choice for use in general purpose structural analysis software packages. On the

other hand, for linear systems with low degree of statical indeterminacy, the flexibility

method has the advantage of being computationally less intensive. This advantage, however,

is a moot point as personal computers are widely available and more powerful. The main

redeeming factor in learning this method nowadays is its educational value in imparting the

concepts of equilibrium and compatibility in addition to its historical value. In contrast, the

procedure of the direct stiffness method is so mechanical that it risks being used without

much understanding of the structural behaviors.

The upper arguments were valid up to the late 1990s. However, recent advances in numerical

computing have shown a come back of the force method, especially in the case of nonlinear

systems. New frameworks have been developed that allow "exact" formulations

irrespectively of the type or nature of the system nonlinearities. The main advantages of the

flexibility method are that the result error is independent of the discretization of the model
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and that it is indeed a very fast method. For instance, the elastic-plastic solution of a

continuous beam using the force method requires only 4 beam elements whereas a

commercial "stiffness based" FEM code requires 500 elements in order to give results with

the same accuracy. To conclude, one can say that in the case where the solution of the

problem requires recursive evaluations of the force field like in the case of structural

optimization or system identification, the efficiency of the flexibility method is indisputable.

Topic Objective:

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

 Define the term slope deflection method

 Describe the purpose of slope deflection

 Highlight the uses of this deflection in construction process

Definition/Overview:

Slope Deflection Method: The slope deflection method is a structural analysis method for

beams and frames introduced in 1915 by George A. Maney. This method neglects the

deformations due to shear and axial forces. The slope deflection method was widely used for

more than a decade until the moment distribution method was developed.
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Key Points:

1. Purpose

By forming slope deflection equations and applying joint and shear equilibrium conditions,

the rotation angles (or the slope angles) are calculated. Substutituting them back into the

slope deflection equations, member end moments are readily determined.

2. Slope deflection equations

The slope deflection equations express the member end moments in terms of rotations angles.

The slope deflection equations of member ab of flexural rigidity EIab and length Lab are:

where θa, θb are the slope angles of ends a and b respectively, Δ is the relative lateral

displacement of ends a and b. The absence of cross-sectional area of the member in these

equations implies that the slope deflection method neglects the effect of shear and axial

deformations.

The slope deflection equations can also be written using the stiffness factor and the chord

rotation:

3. Derivation of slope deflection equations

When a simple beam of length Lab and flexural rigidity EIab is loaded at each end with

clockwise moments Mab and Mba, member end rotations occur in the same direction. These

rotation angles can be calculated using the unit dummy force method or the moment-area

theorem.
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Rearranging these equations, the slope deflection equations are derived.

4. Equilibrium conditions

4.1. Joint equilibrium

Joint equilibrium conditions imply that each joint with a degree of freedom should

have no unbalanced moments i.e. be in equilibrium. Therefore,

Here, Mmember are the member end moments, Mf are the fixed end moments, and

Mjoint are the external moments directly applied at the joint.

4.2. Shear equilibrium

When there are chord roations due to sidesway in a frame, additional equilibrium

conditions, namely the shear equilibrium conditions need to be taken into account.

The statically indeterminate beam shown in the figure is to be analysed.

o Members AB, BC, CD have the same length .

o Flexural rigidities are EI, 2EI, EI respectively.

o Concentrated load of magnitude acts at a distance from

the support A.

o Uniform load of intensity acts on BC.

o Member CD is loaded at its midspan with a concentrated load of magnitude

.
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In the following calcuations, clockwise moments and rotations are positive.

o Degrees of freedom: Rotation angles θA, θB, θC of joints A, B, C respectively are

taken as the unknowns. There are no chord rotations due to other causes including

support settlement.

o Fixed end moments

Fixed end moments are:

5. Slope deflection equations

The slope deflection equations are constructed as follows:

6. Joint equilibrium equations

Joints A, B, C should suffice the equilibrium condition. Therefore

7. Rotation angles

By solving the above simultaneous equations, rotations angles are given.

8. Member end moments

Substitution of these values back into the slope deflection equations yields the member end

moments.

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

Moment Distribution

Indeterminate Structures: Influence Lines

Approximate Analysis Of Indeterminate Structures
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Topic Objective:

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

 Define the term moment distribution method

 Describe the implementation of this method

 Highlight the importance and work of its calculation

Definition/Overview:

Moment Distribution Method: The moment distribution method (not to be confused with

moment redistribution) is a structural analysis method for statically indeterminate beams and

frames developed by Hardy Cross. It was published in 1930 in an ASCE journal. From the 1930s

until the 1960s when computers began to be widely used in the design and analysis of structures,

the moment distribution method was the most widely used method in practice.

Key Points:

1. Distribution Method

In the moment distribution method, every joint of the structure to be analyzed is fixed so as

to develop the fixed-end moments. Then each fixed joint is sequentially released and the

fixed-end moments (which by the time of release are not in equilibrium) are distributed to

adjacent members until equilibrium is achieved. The moment distribution method in

mathematical terms can be demonstrated as the process of solving a set of simultaneous

equations by means of iteration. The moment distribution method falls into the category of

displacement method of structural analysis.
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2. Implementation

In order to apply the moment distribution method to analyze a structure, the following things

must be considered.

3. Fixed end moments

Fixed end moments are the moments produced at member ends by external loads when the

joints are fixed.

4. Flexural stiffness

The flexural stiffness (EI/L) of a member is represented as the product of the modulus of

elasticity (E) and the moment of inertia (I) divided by the length of the member. What is

needed in the moment distribution method is not the exact value but the ratio of flexural

stiffness of all members.

5. Distribution factors

Distribution factors can be defined as the proportions of the unbalanced moments carried by

each of the members.

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

53
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



6. Carryover factors

Unbalanced moments are carried over to the other end of the member when the joint is

released. The ratio of the carried-over moment at the other end to the fixed-end moment of

the initial end is the carryover factor.

7. Sign convention

Any moment acting clockwise is considered to be positive. This differs from the usual

engineer's sign convention, which employs a Cartesian coordinate system with positive x-

axis to the right and positive y-axis up, resulting in positive moment about the z-axis being

counterclockwise.

8. Framed structures

Framed structures with or without sidesway can be analyzed using the moment distribution

method.

The statically indeterminate beam shown in the figure is to be analysed.

 Members AB, BC, CD have the same length .

 Flexural rigidities are EI, 2EI, EI respectively.

 Concentrated load of magnitude acts at a distance from the

support A.

 Uniform load of intensity acts on BC.

 Member CD is loaded at its midspan with a concentrated load of magnitude

.
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In the following calcuations, counterclockwise moments are positive.

8.1. Fixed-end moments

8.2. Distribution factors

JointA JointB JointC Joint D

Distrib.

factors
0 1 0.27270.7273 0.66670.3333 1 0
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The distribution factors of joints A and D are DAB = DDC = 1.

8.3. Carryover factors

The carryover factors are , except for the carryover factors from A (roller support)

to B and from D (fixed support) to C which are zero.

8.4. Moment distribution

Numbers in grey are balanced moments; arrows ( → / ← ) represent the carry-over of

moment from one end to the other end of a member.

Fixed-

end

moments

14.700 -6.3008.333 -8.33312.500 -12.500

Step 1 -14.700 → -7.350

Step 2 1.4503.867 → 1.934

Step 3 -2.034 ← -4.067-2.034 → -1.017

Step 4 0.5551.479 → 0.739

Step 5 -0.246 ← -0.493-0.246 → -0.123

Step 6 0.0670.179 → 0.090

Step 7 -0.030 ← -0.060-0.030 → -0.015

Step 8 0.0080.022 → 0.011

Step 9 -0.004 ← -0.007-0.004 → -0.002

Step 10 0.0010.003

Sum of

moments
0 -11.56911.569 -10.18610.186 -13.657
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Result

o Moments at joints determined by the moment distribution method

The conventional engineer's sign convention is used here.

For comparison purposes, the following are the results generated using a matrix

method. Note that in the analysis above, the iterative process was carried to >0.01

precision. The fact that the matrix analysis results and the moment distribution

analysis results match to 0.001 precision is mere coincidence.

o Moments at joints determined by the matrix method

The complete shear and bending moment diagrams are as shown. Note that the

moment distribution method only determines the moments at the joints. Developing

complete bending moment diagrams require addition calculations using the

determined joint moments and internal section equilibrium.

o SFD and BMD

Topic Objective:

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

 Define the term influence lines

 Describe the purpose of influence lines calculation

 Highlight the applicability of influence lines calculations in construction process
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Definition/Overview:

Influence Lines: Influence lines play an important part in the design of bridges, industrial crane

rails, conveyor belts, and other structures where loads move across their span.

Key Points:

1. Influence Lines

An influence line represents the variation of either the reaction, shear, moment, or deflection

at a specific point in a member as a concentrated force moves over the member. Once this

line is constructed, one can tell at glance where the moving load should be placed on a

structure so that it creates the greatest influence at the specified point. Furthermore, the

magnitude of the associated reaction, shear, moment, or deflection at the point can than be

calculated from the ordinates of the influence line diagram.

2. Qualitative Influence Lines and Loading Patterns for an Multi-span Indeterminate

Beam

The Mller Breslau Principle, used previously to draw the influence lines for statically

determinate structures, can also be extended to define the influence lines for indeterminate

structures. This principle simply states that the influence line for a function is proportionally

equivalent to the deflected shape of the structure when it undergoes a displacement as a result

of the application of the function. For indeterminate structures, an understanding of how

complex structures deflect and react when acted upon by a force is required in order to draw

accurate diagrams.

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

58
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



2.1. Influence lines for reactions

To determine the influence line for the support reaction at A, the Mller Breslau

Principle requires the removal of the support restraint and the application of a positive

unit deformation at this point that corresponds to the direction of the force. In this

case, apply a unit vertical displacement in the direction of YA.

The resulting deflected shape, due to the application of the unit deformation, is then

proportionally equivalent to the influence line for the support reaction at A. Notice

that in statically indeterminate structures, the deflected shape is not a straight line, but

rather a curve. The ordinates of the deflected shape decrease as the distance increases

from the point of application of the unit deformation.

Similarly, for the other support reactions, remove the support restraint and apply a

unit deformation in the direction of the removed restraint. For example, the influence

line for the support reaction at C is obtained by removing the reaction at C and

applying a unit displacement in the vertical direction at C. The resulting deflected

shape is a qualitative representation of the influence line at RC

Influence lines for the remaining support reactions are found in a similar manner.

2.2. Influence lines for shears

For shear at a section, using the Mller Breslau Principle, the shear resistance at the

point of interest is removed by introducing the type of support shown in Figure 3,

below. Shear forces are applied on each side of the section in order to produce a
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relative displacement between the two sides which is equal to unity. The deflected

shape of the beam under these conditions will qualitatively represent the influence

line for the shear at the section. Notice that unlike the statically determinate structure,

the magnitude of the shear force on the right and left can not easily be determined.

2.3. Influence lines for moments

For the moment at a section, using the Mller Breslau Principle, the moment resistance

at the point of interest is removed by introducing a hinge at the section as shown in

Figure 4, below. Then a positive moment that introduces a relative unit rotation is

applied at the section. The deflected shape of the beam under these conditions will

qualitatively represent the influence line for the moment at the section.

For the moment at a support, the moment resistance is again removed by inserting a

hinge at the support. This hinge only prevents the transfer of moments, so the vertical

translation remains fixed due to the support. By applying negative moments that

induces a relative rotation of unity at this section, a deflected shape is generated.

Again, this deflected shape qualitatively represents the influence line for the moment

at a support.

Topic Objective:

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

 Define the term intermediate structure analysis

 Describe the calculations for intermediate structure analysis

 Highlight the importance and uses of intermediate structure analysis
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Definition/Overview:

Structure: In statics, a structure is statically indeterminate when the static equilibrium equations

are not sufficient for determining the internal forces and reactions on that structure.

Key Points:

1. Intermediate Structure Analysis

Based on Newton's laws of motion, the equilibrium equations available for a two-

dimensional body are

 : the vectorial sum of the forces acting on the body equals zero. This

translates to:

o Σ H = 0: the sum of the horizontal components of the forces equals zero;

o Σ V = 0: the sum of the vertical components of forces equals zero;

 : the sum of the moments (about an arbitrary point) of all forces equals zero.

2. Free body diagram of a statically indeterminate beam

In the beam construction on the right, the four unknown reactions are VA, VB, VC and HA.

The equillibrium equations are:
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Σ V = 0:

VA − Fv + VB + VC = 0

Σ H = 0:

HA − Fh = 0

Σ MA = 0:

Fv a − VB (a + b) - VC (a + b + c) = 0.

Since there are four unknown forces (or variables) (VA, VB, VC and HA) but only three

equillibrium equations, this system of simultaneous equations cannot be solved. The structure

is therefore classified statically indeterminate. Considerations in the material properties and

compatibility in deformations are taken to solve statically indeterminate systems or

structures.

3. Statically determinate

If the support at B is removed, the reaction VB cannot occur, and the system becomes

statically determinate. Note that the system is completely constrained here. The solution to

the problem is

HA = Fh ,

,

VA = Fv − VC .
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If, in addition, the support at A is changed to a roller support, the number of reactions are

reduced to three (without HA), but the beam can now be moved horizontally; the system

becomes unstable or partially constrained. In order to distinguish between this and the

situation when a system under equilibrium is perturbed and becomes unstable, it's preferable

to use the phrase partially constrained here. In this case, the 2 unknowns VA and VC can be

determined by resolving the vertical force equation and the moment equation simultaneously.

The solution yields the same results as previously obtained. However, it's not possible to

satisfy the horizontal force equation unless Fh = 0.

4. Static indeterminacy

A system can be statically indeterminate even though its reactions are determinate as shown

in Fig.(a) on the right. On the other hand, the system in Fig.(b) has indeterminate reactions,

and yet, the system is determinate because its member forces, and subsequently the reactions,

can be found by statics. Thus, in general, the static indeterminacy of structural systems

depends on the internal structure as well as on the external supports.

The degree of static indeterminacy of a system is M-N where

 M is the number of unknown member forces, and optionally, reactions in the system;

 N is the number of independent, non-trivial equilibrium equations available for

determining these M unknown forces.

If M includes reaction components, then N must include equilibrium equations along these

reaction components, one for one. Thus, we may, in fact, choose to exclude reactions from

the above relation.
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In Section 5 of this course you will cover these topics:
Introduction To The General Stiffness Method

Matrix Analysis Of Trusses By The Direct Stiffness Method

Matrix Analysis Of Beams And Frames By The Direct Stiffness Method

Topic Objective:

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

 Define the term matrix stiffness method

 Describe the member stiffness relation

 Highlight the importance of its calculations in construction process

Definition/Overview:

Matrix stiffness Method: In structural engineering, the matrix stiffness method (or simply

stiffness method, also known as Direct stiffness method) is a matrix method that makes use of the

members' stiffness relations for computing member forces and displacements in structures. For

example, if k is the stiffness of a spring that is subject to a force Q, the spring's stiffness relation

is:

Q = kq

Where, q is the spring deformation. This relation gives q = Q/k as the resulting spring

deformation.
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Key Points:

1. Member stiffness relations

A typical member stiffness relation has the following general form:

Where,

m = member number m.

= vector of member's characteristic forces, which are unknown internal forces.

= member stiffness matrix which characterises the member's resistance against

deformations.

= vector of member's characteristic displacements or deformations.

= vector of member's characteristic forces caused by external effects (such as

known forces and temperature changes) applied to the member while ).

If are member deformations rather than absolute displacements, then are

independent member forces, and in such case (1) can be inverted to yield the so-called

member flexibility matrix, which is used in the flexibility method.
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2. System stiffness relation

For a system with many members interconnected at points called nodes, the members'

stiffness relations such as Eq.(1) can be integrated by making use of the following

observations:

 The member deformations can be expressed in terms of system nodal displacements r

in order to ensure compatibility between members. This implies that r will be the primary

unknowns.

 The member forces help to the keep the nodes in equilibrium under the nodal forces

R. This implies that the right-hand-side of (1) will be integrated into the right-hand-side

of the following nodal equilibrium equations for the entire system:

Where,

= vector of nodal forces, representing external forces applied to the system's nodes.

= system stiffness matrix, which is established by assembling the members' stiffness

matrices .

= vector of system's nodal displacements that can define all possible deformed

configurations of the system subject to arbitrary nodal forces R.

= vector of equivalent nodal forces, representing all external effects other than the

nodal forces which are already included in the preceding nodal force vector R. This

vector is established by assembling the members' .
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3. Solution

The system stiffness matrix K is square since the vectors R and r have the same size. In

addition, it is symmetric because is symmetric. Once the supports' constraints are

accounted for in (2), the nodal displacements are found by solving the system of linear

equations (2), symbolically:

Subsequently, the members' characteristic forces may be found from Eq.(1) where can be

found from r by compatibility consideration.

4. The direct stiffness method

It is common to have Eq.(1) in a form where and are, respectively, the member-

end displacements and forces matching in direction with r and R. In such case, and

can be obtained by direct summation of the members' matrices and . The method

is then known as the direct stiffness method.

Topic Objective:

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

 Define the term direct stiffness method

 Describe the purpose and uses of direct stiffness method

 Highlight the applicability and calculation of direct stiffness method

Definition/Overview:
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Direct stiffness Method: As one of the methods of structural analysis, the direct stiffness

method (DSM), also known as the displacement method or matrix stiffness method, is

particularly suited for computer-automated analysis of complex structures including the statically

indeterminate type. The direct stiffness method is the most common implementation of the finite

element method (FEM). In applying the method, the system must be modeled as a set of simpler,

idealized elements interconnected at the nodes. The material stiffness properties of these

elements are then, through matrix mathematics, compiled into a single matrix equation which

governs the behaviour of the entire idealized structure. The structures unknown displacements

and forces can then be determined by solving this equation. The direct stiffness method forms the

basis for most commercial and free source finite element software.

The direct stiffness method originated in the field of aerospace. Researchers looked at various

approaches for analysis of complex airplane frames. These included elasticity theory, energy

principles in structural mechanics, flexibility method and matrix stiffness method. It was through

analysis of these methods that the direct stiffness method emerged as an efficient method ideally

suited for computer implementation.

Key Points:

1. History

Between 1934 and 1938 A. R. Collar and W. J. Duncan published the first papers with the

representation and terminology for matrix systems that are used today. Aeroelastic research

continued through World War II but publication restrictions from 1938 to 1947 make this

work difficult to trace. The second major breakthrough in matrix structural analysis occurred

through 1954 and 1955 when professor John H. Argyris systemized the concept of

assembling elemental components of a structure into a system of equations. Finally, on Nov.

6 1959, M. J. Turner, head of Boeings Structural Dynamics Unit, published a paper outlining

the direct stiffness method as an efficient model for computer implementation.
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2. Method

2.1. Breakdown

The first step when using the direct stiffness method is to identify the individual

elements which make up the structure.

Once the elements are identified, the structure is disconnected at the nodes, the points

which connect the different elements together.

Each element is then analyzed individually to develop member stiffness equations.

The forces and displacements are related through the element stiffness matrix which

depends on the geometry and properties of the element. A truss element can only

transmit forces in compression or tension. This means that in two dimensions, each

node has two degrees of freedom (DOF): horizontal and vertical displacement. The

resulting equation contains a four by four stiffness matrix.

A frame element is able to withstand bending moments in addition to compression

and tension. This results in three degrees of freedom: horizontal displacement,

vertical displacement and out of plane rotation. The stiffness matrix in this case is six

by six.

Other elements such as plates and shells can also be incorporated into the direct

stiffness method and similar equations must be developed.
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2.2. Assembly

Once the individual element stiffness relations have been developed they must be

assembled into the original structure. The first step in this process is to convert the

stiffness relations for the individual elements into a global system for the entire

structure. In the case of a truss element, the global form of the stiffness method

depends on the angle of the element with respect to the global coordinate system

(This system is usually the traditional Cartesian coordinate system).

After developing the element stiffness matrix in the global coordinate system, they

must be merged into a single master or global stiffness matrix. When merging these

matrices together there are two rules that must be followed: compatibility of

displacements and force equilibrium at each node. These rules are upheld by relating

the element nodal displacements to the global nodal displacements.

The global displacement and force vectors each contain one entry for each degree of

freedom in the structure. The element stiffness matrices are merged together by

augmenting or expanding each matrix in conformation to the global displacement and

load vectors.

Finally, the global stiffness matrix is constructed by adding the individual expanded

element matrices together.
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2.3. Solution

Once the global stiffness matrix, displacement vector and force vector have been

constructed, the system can be expressed as a single matrix equation.

For each degree of freedom in the structure, either the displacement or the force is

known.

After inserting the known value for each degree of freedom, the master stiffness

equation is complete and ready to be evaluated. There are several different methods

available for evaluating a matrix equation including but not limited to Cholesky

decomposition and the brute force evaluation of systems of equations. If a structure

isnt properly restrained, the application of a force will cause it to move rigidly and

additional support conditions must be added. The method described in this section is

meant as an overview of the direct stiffness method. Additional sources should be

consulted for more details on the process as well as the assumptions about material

properties inherent in the process.

2.4. Applications

The direct stiffness method was developed specifically to effectively and easily

implement into computer software to evaluate complicated structures that contain a

large number of elements. Today, nearly every finite element solver available is based

on the direct stiffness method. While each program utilizes the same process, many

have been streamlined to reduce computation time and reduce the required memory.

In order to achieve this, shortcuts have been developed. One of the largest areas to

utilize the direct stiffness method is the field of structural analysis where this method
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has been incorporated into modeling software. The software allows users to model a

structure and, after the user defines the material properties of the elements, the

program automatically generates element and global stiffness relationships. When

various loading conditions are applied the software evaluates the structure and

generates the deflections for the user.

Topic Objective:

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

 Define the term matrix

 Describe the uses of matrices calculation in construction process

Definition/Overview:

Matrix: In mathematics, a matrix (plural matrices) is a rectangular table of elements (or entries),

which may be numbers or, more generally, any abstract quantities that can be added and

multiplied.

Key Points:

1. Matrices

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

72
www.onlineeducation.bharatsevaksamaj.net        www.bssskillmission.in

WWW.BSSVE.IN



Matrices are used to describe linear equations, keep track of the coefficients of linear

transformations and to record data that depend on multiple parameters. Matrices are

described by the field of matrix theory. They can be added, multiplied, and decomposed in

various ways, which also makes them a key concept in the field of linear algebra.

2. Member stiffness relations

A typical member stiffness relation has the following general form:

Where,

m = member number m.

= vector of member's characteristic forces, which are unknown internal forces.

= member stiffness matrix which characterises the member's resistance against

deformations.

= vector of member's characteristic displacements or deformations.

= vector of member's characteristic forces caused by external effects (such as

known forces and temperature changes) applied to the member while ).

If are member deformations rather than absolute displacements, then are

independent member forces, and in such case (1) can be inverted to yield the so-called

member flexibility matrix, which is used in the flexibility method.
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3. System stiffness relation

For a system with many members interconnected at points called nodes, the members'

stiffness relations such as Eq.(1) can be integrated by making use of the following

observations:

 The member deformations can be expressed in terms of system nodal displacements r

in order to ensure compatibility between members. This implies that r will be the primary

unknowns.

 The member forces help to the keep the nodes in equilibrium under the nodal forces

R. This implies that the right-hand-side of (1) will be integrated into the right-hand-side

of the following nodal equilibrium equations for the entire system:

Where,

= vector of nodal forces, representing external forces applied to the system's nodes.

= system stiffness matrix, which is established by assembling the members' stiffness

matrices .

= vector of system's nodal displacements that can define all possible deformed

configurations of the system subject to arbitrary nodal forces R.
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= vector of equivalent nodal forces, representing all external effects other than the

nodal forces which are already included in the preceding nodal force vector R. This

vector is established by assembling the members' .

4. Solution

The system stiffness matrix K is square since the vectors R and r have the same size. In

addition, it is symmetric because is symmetric. Once the supports' constraints are

accounted for in (2), the nodal displacements are found by solving the system of linear

equations (2), symbolically:

Subsequently, the members' characteristic forces may be found from Eq.(1) where can be

found from r by compatibility consideration.

5. The direct stiffness method

It is common to have Eq.(1) in a form where and are, respectively, the member-

end displacements and forces matching in direction with r and R. In such case, and

can be obtained by direct summation of the members' matrices and . The method

is then known as the direct stiffness method.
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