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UNIT 1

ENGINEERING ANALYSIS
Objectives of Analysis:

Engineering analysis is adopted for machineries and building structures before and after
assembling their parts in order to determine

i.  The type and quality of load
li.  Location of loading
iii.  Developed stress
iv.  Permissible deflection
v.  Vibration properties

vi.  Pressure and temperature variation
Methods of Engineering Analysis:

The three methods adopted for analyzing engineering products to evaluate their mechanical
and other properties are:

1) Experimental methods
2) Analytical methods

3) Numerical methods or approximation methods

Experimental methods:
1) Inthese methods, the actual product or their prototype model are really tested
by using testing equipment.
2) |If there is a need to change the dimensions of the prototype, the entire prototype is

to be disassembled and to be reassembled and then testing should be carried out.

3) It needs man power and materials.
Analytical Methods:

1) These methods are theoretically analyzing methods.



2) Only simple and regular shaped products like beams, columns, shafts, plates can be
analyzed by these methods
3) The products and their loadings specified by mathematical expressions and they are

analyzed.

Numerical Methods:

1) For the products of complicated sizes, shapes with complicated material properties
and boundary conditions, getting solutions using analytical method is highly
difficult. In such situation engineer prefers numerical methods that gives
approximate but acceptable solutions.

2) By this method, the approximate but acceptable solutions will be obtained.

Three methods in Numerical methods

i.  Functional Approximating Method
ii.  Finite Difference Method (FDM).
iii.  Finite Element Method (FEM).

Functional Approximation:

1. In this method, the physical problems are first written in terms of differential equation or
any possible mathematical expressions.

2. Then the approximate solution can be obtained by integration and by applying boundary
condition.

3. The variation method specifically known as Rayleigh-Ritz methods and weighted residual

methods are some of the functional approximating methods.
Finite Difference Method (FDM):

1. The finite difference method approximates the derivatives in the governing differential
equation using difference equations.
2. Finite difference method is useful for solving heat transfer and fluid mechanics problems.

3. This method cannot be effectively used for regions having or irregular boundaries.

Finite Element Method (FEM):



1. In this method, the complex region defining the domain is divided into smaller elements
called finite elements.

2. The physical properties like shape, dimensions and other boundary conditions are imposed
on the elements.

3. Then these elements are assembled in a proper way and the solution for the entire system
can be obtained.

Steps in FEA

1. Discretization of structure- Dividing the whole complex structure into finite elements by
lines or surfaces.

2. Numbering of nodes and elements- In FEM, physical problems are solved using matrices
and the size of the matrix depends on the number of nodes of the element.

3. Selection of displacement function- Linear, quadratic and cubic polynomials are used to
evaluate the value of the field variable at any part of the element.

4. Formation of element stiffness matrix and load vector- Based on equilibrium conditions
or variational principles stiffness matrix is formulated.

5. Formation of global stiffness matrix and load vector- The element stiffness matrices are
assembled using the following formulae to get the global stiffness matrix

[¥][6] = [F]

where [K] — Global stiffness matrix, [6] — Nodal displacement vector and [F] — Nodal force
vector

6. Incorporation of boundary conditions

7. Compute element stresses and strain

8. Analysis and interpretation of results

Classification of Functional Approximation Methods:

1.
2.

Variational Methods
Weighted residual methods

Variational Method:

Rayleigh-Ritz method:



1. Itis atypical variational method in which the principle of integral approach is adopted for
solving mostly the complex structural problems.

2. In this method, the potential energy = is considered as the function of Ritz parameters
which are one to infinity.

3. In practice, the displacement function y(x) can be expressed in terms of polynomial series

or trigonometric series such as,

Y(X):a1+azX+a3X2+a4x3+,,,, (1.1)
or
. 3 5
Y(X)=alsm”—lx+azsm?+agsm$+... (1.2)

where a1 , a2, as ... are known as Ritz parameters or Ritz coefficients.

4. Selecting anyone of the above two functions appropriately as a trial function, the total
potential energy can be formulated.

5. The total potential energy is the algebraic sum of “Integral strain energy and external work
done”.
Mathematically, Total potential energy, 71 =U — W
Where U — Internal strain energy and W — Work done by external force

6. By making the total potential energy to reach minimum value (i.e., stationary condition),
the approximate solution can be determined.

7. The accuracy of the solution depends on the number of Ritz coefficients.

Problem 1

Find the deflection at the center of a simply supported beam of span length I, subjected to a

concentrated load P at its mid-point.
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The total potential energy for a beam is given by, t=U - W
Strain energy for a beam, U = % ) (;—;) dx
Where E is the modulus of elasticity, I is the area moment of inertia of the beam section and vy is
the deflection which can be expressed as,
y=art+ta X+asxi+asx3+.... (1)
to simplify the problem, consider the first three terms such as,
y=ai+a; X +azx? (2)
The boundary conditionsare y=0atx=0and x = |
Hence equations (2) becomes 0 = a; and 0 = a.l + azl® which gives a,= - as|
Then y can be expressed as,
y =-azlx+ azx?= az (x>-1x) (3)

Differentiating two times we get,

% = a;(2x— Dand Z—;} = 2a;3

Then strain energy is given by,
U="2["2a,)%dx ==4a2l = 2Ela;?l
=) a;)*dx = ; 03 3

Work done, W =P * Yy atx=112

- P as(x?-1X) atx=12 (from equation (3))



The total potential energy is given by, n=U - W
2 lz
= 2Ela,%l— (_ pa3‘:) = 2Ela;*l + Pa;

For minimum potential energy condition,

T _ 0

aa;

That is,

12
4Elasl= —P—

Therefore,
12 1
a; = —P—*—
4 4EIl
hence
a, = ——r
3 16El

Substituting the value of az in Equation (3) we get,

__H 2 .
y=a;(x*—Ix) = 16Er (x Ix)

Maximum deflection occursatx =1/ 2

Hence,

Pl (12 l Pl 12
Y, =——HN- —=1l-) = ——|—-
< max 16EI \4 2 16EI \ 4



Therefore

_pB
#E! s the approximate solution.

4
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To get more accurate solution, the displacement function should contain more number of Ritz
parameters.

Problem 2
Find the deflection at the center of a simply supported beam of span length | subjected to a

concentrated load P at its mid-point using trail function from trigonometric series.

P
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y=a1 sm$+ a Smg + a3 Slng‘f‘
To simply the problem, select one term function as,

(1)

. X . X
y=a1 SlnT:aSlnT

Now consider the potential energy as n=U - W

,
EI pl fd?y\“
"L

Strain energy for a beam, U = 2 70 \dx?

Differentiating the displacement function two times we get,

— =a CoOS—* = — COS—

d TX T an X
dx l l l l
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. __EI (1 (d%
Then strain energy, U = El ft} (Ez) dx
_ EI.Af nt . mx 2d 5
_Efo( a{—zsmT) X (2)

2
EI 2 I . ,mx
——(—a!—z) J, sin® - dx

1-cos24

P . TX l1 2mx )
Now, fo sin® T dx = fo 5(1 — COSs T) dX (Sincesin?A = ; )

2 2 24
. El ¢l s mx _E(__=f\"1 a®*mn*El
Strain encrgy,U=?f0 (—az—zsm—) dx =3 ( ﬂiz) 3 =

Work Done, W =P * ymax

. mXx
=P (a sin —

) From Equation (1)
I/ at x=1/2

=P* Yaxae

= Pa sing — Pa (Since sing =1)
The total potential energy, 1=U - W

a*m*El
™= — Pa

NE




ar 2am*EIl _ 2pl®
— =0 »———=P Therefore,a =
da 43 w*EI

Maximum deflection occurs at x=1/2

3
’ — an XX V, = (zpI sinE) 2pl® . =@
Hence Vipar = | @ SIN i max e U/ at x=1/2 ==_sin=
at x=i/2 T*El 2

pl®
48.7EI

Therefore, Vinar =

Weighted Residual Method

The weighted residual method is employed to obtain approximate solutions to linear and non linear
non structural problems whose characteristics are expressed in terms of differential equations. The
required simultaneous equations to find the solution can be derived from the governing differential

equation, without knowing the functional. The methods are

1. Point Collocation method

2. Sub domain collocation method
3. Least square method
4

Galerkin’s method.
Steps

1. Let ye(X) is the exact solution of the differential equation

2. An approximate function called the trial function is considered y(x)= f(x,ai), i=1,2.... And
is substituted in the differential equation to find the residual R. The trial function should
satisfy the boundary conditions.

3. This residual is further treated to evaluate the required solution. It is essential that the
residual multiplied by a weighing function and the domain integral of the product should
be zero.

4. The number of weighing functions is equal to the number of unknown coefficients in the

approximate function.



Point Collocation method:

1. In the collocation method, also called point collocation, the residual R(x, a;) is set

equal to zero at n specific points X, X2, X3,...Xp.
2. The weighting function Wi can be expressed as
W, = fD §(x —x;)R(x,a;)dx =0
3. At point x=x;, W; = 1 and hence R(x, a;) = 0.

4. At other points in the domain, W; = 0.

Sub-domain Collocation method:

1. In this method, the domain is subdivided into n subdomains and the integral of the
residual over each sub-domain is then required to be zero.

2. That is the weighting function selected is unity (W;=1) over the domain
3. Here fD R(x,a;))dx=0

Least squares method:

1. In this method, the integral of the weighted square of the residual over the domain is
required to be minimum.

2. Thatis! = [, [R(x,a))]*°dx = minimum

3. The minimization of the integral is with respect to the unknown coefficients in the
approximate solution.

ar

da

4. Thatis— =10

Galerkin’s method:

1. In this method, the trial function y(x) itself considered as the weighting function.



2. The domain integral of the product of trial function with the residual is then set equal
to zero.

3. Thatis [; W;R(x,a;)dx = [ y(x)R(x,a;)dx =0

Problem

Consider a uniform rod subjected to a uniform axial load as illustrated in Figure. It can be
readily shown that the deformation of bar is governed by the differential equation

AEST+q, =0 (1)

Oy

¥

du

u(0) = 0, |dx -0

x=L

Find an approximate solution of the above differential equation by using (i) Point Collocation

method (i1)) Sub domain Collocation method (iii) Least Square method and (iv) Galerkin’s
method

Solution;

. . . . d*
The given differential equation is AE E;‘- +q,= 0

d
The boundary conditions are, u(0) =0, d_i =0
x=L
Let us assume an approximate solution, u(x) = @, + G, X + a3x3 (2)

(Order of approximate solution is equal to order of differential equation)

From Boundary equation, #(0) = 0

Hence, u(0) = a; +a;(0) + a;(0)? Therefore @, = 0



The approximate solution becomes, u(x) = @>X + a3 x>

du du
From = - =0 ey =a;+2a;L=0 Hence, a, = —2a,L
Now the approximate solution becomes, u(x) = —2a;Lx + a;x?
u(x) = az(x* —2Lx) (3)

To get residual equation. by substituting (3) in (1)

We get, AE% laz(x* — 2Lx)]+ q, = R,
AE S [a3(2x—2L)]+q, =R,

AE2a3+q, =Ry )
Point Collocation method:

In Collocation method, residual are set to zero. (R; = 0)

Therefore, AE2a3 + 4y = 0

AE2az; = —q,

—q
Therefore, 3 = ;’; (5)

By substituting (5) in (3), the final solution is. u(x) = %o (:xz —2Lx)

2AE

Sub domain collocation method:



This method requires f cf R, dx =0
Substituting (4) in (6) we get,
f;(AEZag +q,)dx=0

Upon integration,

[AE2a;x + qox]s =0

By substituting the limits we get,

[AE2a,l + q,1] = 0

—Gqp
2AE

Hence G5 =

By substituting (7) in (3) we get,

u(x)= % (_xz — ZL};‘)

2
(or) u(x) = %(ZLI— x')
Least Squares Method:

L, .
The functional [ = [ R3dx = minimum

) ar l aR
It can also be written as, — = f R; —%dx
2 0 daz

da

9Bq _ 2AE (From (4))

da

al

] da

2L _ [{(452a;+ qo)(2AE) dx o= J,(4%5*4a; + 2AEq,)dx

(6)

(7

(8)



Upon integration,

2L — [A%E%4a,x + 24Eq,x]}

das

By substituting the limits we get,
a P
2L = [A%E%4a,1 + 2AEq,]]

dag

ar Ao
The requirement is ~ —— = O Therefore, [A?E?4a,l+ 2AEq,1] = 0

Qg

Hence @5 = % (10)

By substituting (10) in (3) we get.

il _ “G0r.2 _ 7. : N — Fo a2
u(x) = = (x* —2Lx) (or) u(x) > (2Lx — x*)
(iv) Galerkin’s Method:

In this method. the trial function itself is considered as the weighting function and this

method requires,
I
fo W.R;dx = 0 wherei=1ton (11

Hence u(x) =W, = {13(_1’2 —2Lx) (12)

Substituting (4) and (12) in (11) we get,

J; a3 (x* — 2Lx)(AE2a; + go)dx = 0



_]'c:[SZAE'afx2 + azx?qy — 4AELxa;® — 2Lxa;q,)dx = 0

Upon integration,

[

24Fa%x®  a.x%q, 4AELxZas.  2Lx%asqe

+ - - =0
3 3 2 2 0

l

. - 3 - -
[mb"c;a g ¥4 2AELx’a;” - L-’f‘ﬂa%] =0
0

By substituting the limits we get,

[t 8% )AELI2a” — LI2asq,| — [0] = 0

3

24FEaz%I®  agzlq 3. 2 3 ]
[t 4 22l 24FL*a,” — [Pa;q0| = 0

Dividing by as and L*, we get,

255 + % — 24Ea; — qo| = 0

2ZAEa a
3 3
—q
Hence @, = 2AEO

By substituting (13) in (3) we get,

u(x) = %o [Iz — 2L.r)

24F

(or) u(x) = %QE(ZLX— 12}

(13)



Problem

Find the deflection at the centre of a simply supported beam of span
length [ subjected to uniformly distributed load throughout its length as
shown in figure using (a) Point Collocation method, (b) Sub-domain
collocation method (¢) Least squares method, (d) Galerkin's method.

w/unit length

C

p— sz—.l

- ’
—

The differential equation governing the detlection of beam subjected to
uniformly distributed load is given by

- .

4
EI%—}-w=o, 0sx=<!
X

Now, let us select the trial function for deflection as

y=asin£z—x v (1)

The boundary conditions to be satisfied are y=0 at x=0 and x =/ where y
2 2

is the deflection and EI (cli_zx =0 at x=0 and x=1[ where EI (:—l—}z =M (Bending
x x

moment) and E = Young’s modulus, I = Moment of inertia of the beam.

dy T XX

dx-—aic()b !

2 2 mx U $24
> = —a?sm—z—"

dx -

Eygn. (1) satisfies the boundary conditions as y=0 at x=0 and x =/

s 2
Similarly the eqn. (2) satisfies the boundary conditions as EI d—,x=0 at

dx?
x=0 and x=!/
d:‘_z n T X d41 . mx (3)
- =—=—a 5 €08 —— ——d =g — 8in ——



Substituting the eqn. (3) in the governing differential equation, we get the

residual as
. mx
Rl e ¥ v (0
(a) Point Collocation Method:

In this method the residual is set to zero.

4
" . WX
ie. Bla—sin——-w=0
¥ 14 l

To get maximum deflection, take x=% (i.e., at the centre of beam)

& l 4
Then, EIa'—Sl %[5}”’ a= v:[
i n Kl
R S L e W
The trial function y = g sin n—;i At x 9 » Ymax = x* BI sin 2

(b) Sub-domain Collocation Method:

In this method, the integral of the residual over the sub-domain is set to
zero.

! j T[4 nXx \
ie, [ Rdx=0 aEI}_“—SmT"Wde:o

0 0

4
19, aEIJ%(-—(_Obnx _{\_WX =O
"\ l n:)|
0
o ‘1=—-W..,l4._ At x=_{_ ___‘Wl“ : TT
2 1® BI 2’ Ymax T gopy S0 o

(¢) Least Squares Method:



In this method the functional
/

I= _f R? dx is minimum
o

4 2
- i nx
Nowlug[aEIFsin 7 -w)dx

')
8 .
_ 222N 2T : 4 \
= J. a® E* 17 8 sin? =X L w2 _2a BIw & sin &% |dx
0 [- l [" l

[ ; [2nx’
8 - €08 l 4
. D D n i nx
=J 2B — +w?-2aElw—sin—- |dx
1° 2 po
0
aZ g2 12 8 2 >
a2 ' i wll-4aElw 3
217 l
Now,
a1 2 12 3 4 w it
S-=0= a1 7% _ 7T -~ a=
@ 7 =4EBlw g 5 m1
l . : awilt . o=w
At x=5, Maximum deflection, ymm._:;s—‘-a-l—-sm 5

Galerkin’s Method:

I3
In this method, | (¥ R)dx =0
(8]

L a
i.e J-{[asinﬂ—;&](aEII;TSinn—;E—w]‘gdx=O

- )
Solving we get

2wl 27 4
= - 4:4:1 At x L _awl?
Elrn ¥ ElI

a



Problems for practice

1. Derive the expression for deflection and bending moment in a simply supported beam of
span of length I, subjected to UDL over entire span using two term trigonometric trial
function using Rayleigh Ritz method.

Consider the differential equation for a problem such as % +300x*=0;0<x<1
with the boundary conditions y(0) = y(1) = 0. The functional corresponding to this problem to

. 2
be extremized is given by, | = fo {—%(g) + 3001‘2_\'] dx Find the solution of the

problem using Rayleigh-Ritz method using a one term solution as ¥ = ax(1 — I3)

Consider the differential equation for a problem as

d*y

i >+300x°=0, O0sxs<l.
X

with the boundary conditions y (0)=0,y(1)=0. Find the solution of the
problem using a one coefficient trial function as y=a;x(1 -x%). Use

(i) Point collocation method, (ii) Sub-domain collocation method, (iii) Least
square method and (iv) Galerkin’'s method.

3. Solve the following equation using a two parameter trial solution by (a) Point
Collocation method and (b) Galerkin’s method

dy
dx+y 0,0<x<1,y(0)



UNIT-II
ONE DIMENSIONAL ELEMENT

Bar and beam elements are considered as One Dimensional elements. These elements
are often used to model trusses and frame structures. Bar is a member which resists only
axial loads. A beam can resist axial, lateral and twisting loads. A truss is an assemblage of

bars with pin joints and a frame is an assemblage of beam elements.

ELEMENT--*?@ @ @ @ @

NODE —— | 2 3 4 5 b

As shown in the figure, a one dimensional structure is divided into several elements and the

each element has 2 nodes.
Shape function

N:N2Ns are usually denoted as shape function. In one dimensional problem, the

displacementu =3, Niui=Nguz

For two noded bar element, the displacement at any point within the element is given by, u =
) Niui =Nz ui+ N2 uz

For three noded triangular element, the displacement at any point within the element is

given by,

U=Nius+N2uz+ Nzus

Vv=Nivi+Nz2v2+N3vs

Shape function need to satisfy the following

(a) First derivatives should be finite within an element;

(b) Displacement should be continuous across the element boundary



] Properties of Stiffness Matrix
1. It is a symmetric matrix,
2. The sum of elements in any column must be equal to zero,
3. It is an unstable element. So the determinant is equal to zero.
Assumptions
Nodal Forces and Moments

Forces and moments can only be applied at the nodes of the beam element, not between
the nodes. The nodal forces and moments, /=, are related to the nodal displacements and

rotations, ¥*Ethrough the ele ment stiffness matrix, £e.
Constant Load

The loads that are applied to the beam element are assumed to be static and not to vary
over the time period being considered, this assumption is only valid if the r ate of change of the
force is much less than the applied force (¥ >> dF/dt). If the loads vary significantly, (if the
variation in load is not much less than the applied force) then the pro blem must be considered as

dynamic.
Weightless Member

The weight (W) of the beam is neglected, if it is much less than the total resultant forces
(F) acting on the beam. If the weight of the beam is not neglected, then its effects must be
represented as vertical forces acting at the nodes, by dividing up the weight and lumping it at the

nodes, proportionally according to it's placement along the beam.
Prismatic Member

The beam element is assumed to have a constant cross-section, which means that the
cross-sectional area and the moment of inertia will both be constant (i.e., the be am element is a
prismatic member). If a beam is stepped, then it must be divided up into sections of constant
cross-section, in order to obtain an exact solution. If a beam is tape red, then the beam can be

approximated by using many small beam elements, each having the same cross-section as the



middle of the tapered length it is approximating. The more sections that are used to approximate

a tapered be am, the more accurate the solution will be.

The moment of inertia is a geometric property of a beam element, which describes the beams
resistance to bending and is assumed to be constant through the length of the element. The
moment of inertia can be different along different axes if the beam element is not symmetric, we
use the moment of inertia (I) of the axis about which the bendin g of the beam occurs Where (I.)

n.,n

refers to the moment of inertia, resisting bending about the "z" axis and (I,) about the "y" axis.
The Beam Element is a Slende r Member

A beam is assumed to be a slender member, when it's length (L) is moree than 5 times as
long as either of it's cross-sec tional dimensions (d) resulting in (d/L<.2). A beam must be

slender, in order for the beam equations to apply, that were used to derive our FEM equations.

d
i 7 X

Invalid L 10, d 5
dL .5

. T 3
£

Yalid L=20, d=2
d’L=.1

The Beam Bends without Twisting.

It is assumed that the ¢ ross-section of the beam is symmetric about the plane of bending
(x-y plane in this case) and will undergo symmetric bending (where no twisting of the beam
occurs during the bending process). If the beam is not symmetric about this plane, then the beam
will twist during bending and the situation will no longer be one-dimensional and must be
approached as an unsymmetric bending problem (where the beam twists while bending) in order

to obtain a correct solution.
Cross Section Remains Plane

When a beam element b ends, it is assumed that it will deflect uniformly, thus the cross
section will move uniformly and remain plane to the beam centerline. In other words, plane

sections remain plane and normal to the x axis before and after bending.



Axially Rigid

The one-dimensional bea m element is assumed to be axially rigid, meaning that there
will be no axial displacement ( «) along the beams centroidal axis. This implies that forces will
only be applied perpendicular to the beams centroidal axis. The one-dimensional beam element
can be used only when the degrees of freedom are limited to vertical displacements
(perpendicular to the beams centriodal axis) and rotations in one plane. If axial displacements are
present then a one-dimensional bar element must be superimposed with the one-dimensional

beam element in order to obtain a valid solution.
Homogenous Material

A beam element has the same material composition throughout and therefore the same
mechanical properties at every position in the material. Therefore, the modulus of elasticity E is
constant throughout the beam element. A member in which the material properties varies from
one point to the next in the member is called inhomogenous (non-homogenous). If a beam is
composed of different ty pes of materials, then it must be divide up into elements that are each of

a single homogeneous material, otherwise the solution will not be exact.
Isotropic Material

A beam element has the same mechanical and physical properties in all directions, i.e., they
are independent of direction. For instance, cutting out three tensile test specimens, one in the x-
direction, one in the y-direction and the other oriented 45 degrees in the x-y plane, a tension test on
each specimen, will result in the same value for the modulus of elasticity (E), yield strength O and
ultimate strength @ . Most metals are considered isotropic. In contrast fibrous materials, such as
wood, typically have propertie$’ that are directionaly dependant and are generally considered

anisotropic (not isotropic).

Rigid body motion occurs when forces and/or moments are applied to an unrestrained mesh
(body), resulting in motion that occurs without any deformations in the entire mesh (body). Since
no strains (deformations) occur during rigid body motion, there can be no stresses developed in
the mesh. In order to obtain a unique FEM solution, rigid body motion must be constrained. If

rigid body motion is not constrained, then a singular system of equations will result, since the

determinate of the mesh stiffness matrix is equal to zero (i.e.,'g |=U).



There are two rigid body modes for the one-dimensional beam element , a translation
(displacement) only and a rotation only. These two rigid body modes can occur at the same time
resulting in a displacement and a rotation simultaneously. In order to eliminate rigid body motion
in a 1-D beam elem ent (body), one must prescribe at least two no dal degrees_of freedom_(DOF),
either two displacements or a displacement and a rotation. A DOF can be equal to zero or a non-
zero know n value, as long as the element is restrained from rigid body motion (deformation can

take place when forces and moments are applied) .

For simplicity we will introduce the rigid body modes using a mesh composed of a single
element. If only translatio nal rigid body motion occurs, then the displacement at local node I
will be equal to the displacement at local node J. Since the displacements are equal there is no
strain developed in the element and the applied nodal forces cause the element to move in a rigid
(non-deflected) vertical motion (which can be either up as shown below or it can be in the

downward direction depending on the direction of the applied forces).
Derivation of shape function and stiffness matrix for a 1 dimensional bar element

Consider a bar element with nodes 1 and 2 as shown with displacements of u; and u. at the
respective nodes

Uz

Uz

A

v

The displacement u can be given as u=ap+aix ------ (D)

where apand al are generalised coordinates.

u=id () @
at node 1, u=us, x=0
at node 2, u=uy, x=I

Substituting in (1) we get, u1=ao and u=ap+al



In matrix form, (Z;) = [i (l)] (22)
-1
)=l {G)
(ao) _ 1[ I 0 (u1>
a,/)  Ul-1 1\,
Substituting in eqn 2,
1 S )

[l—x x]
u= —
l l

u=[N1 N2] ( ) where N1= I-x/l and N2= x/I

U
Uz
N1 and Noare the shape functions

We know that Stiffness matrix [K]= [ [B]" [D][B]dv ------ (3)

Where [B]- Strain displacement relationship matrix
[D]- Elasticity matrix

-1

dN, dN, B

Bl= % G=[7 i|endier=1 |
l

In one dimensional problems, [D] = Youngs Modulus and dv= Adx

Substituting the values in Egn 3, we get

1 -1

=0 5

] which is the stiffness matrix for a one dimensional bar element.

Types of loading

a)  Body force (f)- Distributed force per unit volume (N/m3). Eg. Self weight due to gravity
b)  Traction force (T)- Force per unit area (N/m2). Eg. Frictional forces, viscous drag and

surface shear



c)  Point load- Concentrated load at a point

Steps in  Finite Element modelling of a one dimensional bar element

(1) The first step is to subdivide the bar called discretization. A non uniform bar is
transformed to a uniform stepped bar.
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(2) Numbering of nodes
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Global numbering

(3) Natural coordinate
Consider a single element. Local node 1 is at a distance of x; from datum and node 2 is x2

measured from same datum point.

inh (&)



(4) Shape functions

Yynknown

uy
Uy

1 2

a9

2

92

Establish a linear interpolation function to represent the linear displacement field within the

element. Linear shape functions are given by

N (5)25 and N (5)25

1

: 2



Example

A thin steel plate of uniform thickness 25mm is subjected to a point load of 420N at mid
depth as shown. The plate is also subjected to self weight. If Young’s modulus, E=2 x
10°N/mm? and unit weight density 0.8 x 10*N/mm?. Calculate (i) Displacement at each
nodal point (ii) Stresses in each element.

[/ [ ] I

100mm
1 200mm
T %
v
2 80m 200mm

Thickness t=25mm, A= 100 x 25=2500mm?, A>= 80x 25=2000mm?
Point load p= 420N

Young’s modulus E=2 x 10° N/mm?, Unit weight density= 0.8 x 10* N/mm?

Body Force vector {F} = pTAl 6)

(F1> _ p141l; (1>
F, 2 1

F 20
Ft = {36
F3 16

A point load of 420N is acting at middepth at nodal point 2. Hence

F 20
F3 16

Finite element equation for 1% element is

2500 x 2 x 10° _
;<00>< {—11 11}{22}2{2}

Finite element equation for 2" element is



2000 x 2 x 10° _
;00>< {—11 11}{22}:{12}

Assembling the equations
12.5 —12.5 0 (%1 F
2x10°[-125 125+10 —10[{u2; =1F,
0 -10 10 J\u3 F3

Apply boundary conditions at node 1 displacement is 0 and substituting the values of

forces we get,
U= 1.888 x 10*mm , uz= 1.9688 x 10*mm
Stresso = E au

dx

2% 105 x 1.888 x 10~*

= = 0.188N 2
01 500 0.188N/mm

2 x10°x1.968x 107* — 1.888 x 10~
%2 = 200

= 0.008N /mm?

Temperature effects

When the free expansion is prevented in the member, the change in temperature causes
stress in the member. Let 6T be the rise in temperature and a be the coefficient of thermal
expansion. The nodal vector can be given by

(F} = EA « 9T {_11}

Where E is the Young’s modulus, A is the area of the element.
Thermal stress is given by

du

o} =F dx

— EadT

Problems for practice

1. An axial load of 4 x 10°N is applied at 30 degree centigrade to the rod as
shown. The temperature is then raised to 60 degree centigrade. Calculate the
following
(1) Nodal displacements

(i) Stresses in each material



(ili)  Reactions at each nodal point

NN

Al p

/
\

Steel

A
v

200mm 300mm

For Aluminium- Area = 1000mm?, E= 0.7 X10°N/mm?, a=23 x 10%/C

For steel- Area- 1500mm?, E= 2 x 10°N/mm?, a=12 x10%/C

2. Calculate the nodal displacements, element stresses and support reactions.

A1=300mm?, A,=500mm?, E=2 x10°N/mm?

1

S

‘ 200mm | 200mm léOOmm EOOmm




UNIT —I1I
ISOPARAMETRIC FORMULATIONS

The isoparametric concept brought out by Taig and latter on generalized by B.M. Irons
revolutionized the finite elements analysis and it also helped in properly mapping the
curved boundaries. They brought out the concept of mapping regular triangular and
rectangular elements in natural coordinate system, to arbitrary shapes in global system as
shown in Fig. The coordinate transformation of natural coordinates to global coordinate
system is presented. The terms isoparametric, super parametric and subparametrics are
defined.The basic theorems on which isoparametric concept is based are explained and
need for satisfying uniqueness theorem of mapping is presented. Assembling of stiffness
matrix is illustrated. For assembling stiffness matrix integration is to be carried out
numerically.

Parent elements in natural Mapped element if global
coordinate system system
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COORDINATE TRANSFORMATIéN

So far we have used the shape functions for defining deflection at any point interms of the
nodal displacement. Taig suggested use of shape function for coordinate transformation
form natural local coordinate system to global Cartesian system and successfully achieved
In mapping parent element to required shape in global system. Thus the Cartesian



coordinate of a point in an element may be expressed as or in matrix form where N are
shape functions and (x)

x=Nx+Nx+.+Nx
y=Ny+Ny,+..+ Ny,
=N g +N+..+N 2,

or in matrix form

{x} =[N {1,
where N are shape functions and (x)e are the coordinates of nodal points of the element.

The shape functions are to be expressed in natural coordinate system. The shape function
of this element is given as

N UZ8um) o _(+o)lty)
4 B -

v Lot ) oy, me)im)
4 -

P is a point with coordinate (§1) ). In global system the coordinates of the nodal points are
(xp, ¥) ey v, Gy, ) and (g, w,)
To get this mapping we define the coordinate of point P as
x=Nx +Nx+Nx +Nx
and yv=Ny +Ny,+ Ny, + Ny,
Noting that shape functions are such that at node i, Ni = 1 and all others are zero, it satisfy
the coordinate value at all the nodes.

ISOPARAMETRIC,SUBPARAMETRIC, AND SUPERPARAMETRIC

The finite element analysis with isoparametric elements, shape functions are used
for defining the geometry as well as displacements. If the shape functions defining the
boundary and displacements are the same, the element is called as isoparametric
element. For example, in Fig. all the eight nodes are used in defining the geometry and
displacement.
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o Nodes used for defining geometry

] MWodes used for defining displacement

(a) Isoparametric () Superparametric {c) Subparametric

Thus, in this case = IN118}.. x=I[NT (] and y=[N] {y],

where [N] is quadratic shape function of serendipity family.
The element in which more number of nodes are used to define geometry

compared to the number of nodes used to define displacement are known as
superparametric element. One such element is shown in Fig. in which 8 nodes are
used to define the geometry and displacement is defined using only 4 nodes. In the stress
analysis where boundary is highly curved but stress gradient is not high, one can use
these elements advantageously. Figure shows a subparametric element in which less
number of nodes are used to define geometry compared to the number of nodes used for
defining the displacements. Such elements can be used advantageously in case of

geometry being simple but stress gradient high.

STIFFNESS MATRIX ASSEMBLY
Assembling element stiffness matrix is a major part in finite element analysis.

Since it involves coordinate transformation from natural local coordinate system to
Cartesian global system, isoparametric elements need special treatment. Here the
assembling of element stiffness matrix for 4 noded quadrilateral element is explained in
detail. The procedure can be easily extended to higher order elements by using suitable

functions and noting the increased number of nodes.

4i-1,1) i
3(1.1) ]
e i

Ti=1.-1) 2(1,1) (x,.¥)

The shape functions are given as



N,

L}

_{l*“?s}[]’r i)
N 4

_0=90m) ,_(+H0n)

||~Hr I .
4 A

1+ &)1
N )
4 4

The displacement at any point is given as

ul] [N, 0 N, 0 N,
v[Tlo N 0 N 0

where

[J]= Jacobian matrix

(1-E&) (1)

J"i'l k!

0

a

&_.I.
a

%.

e ]
30
| v | v

Jacobian matrix relates the local coordinates to global coordinate system. In case of three

dimensional the jacobian matrix is given as



a y
> %2
J’ = =
V] dn dn dn
* » &
I
Now going back to isoparametric quadrilateral element,
Let
[JI _ |:J|| -fui|
LETRE P
v ay
Where Joo=— J,=-=
11 H‘E 12 ag
chr o
Jy=—=  Jy==
21 Rr!‘ n 3q
4
we know, x= Z Nx; = Njxj+ Noxy + Naxg + Nyxy

aN,  aN,  aN,

For any specified point the above matrix can be assembled. Now,

o i
HRUE

an N

ET

o,
—x,

g



) (2
. ?} [T {ﬁ
P an

Ji1, J12, J13, J14 are the elements of Jacobian inverse matrix. Since for a given point
Jacobian matrix is known its inverse can be calculated and Jacobian inverse matrix is
assembled. With this transformation relation known, we can expresses derivatives of the
displacements as shown below

a [n, 0, 0 o[
dr d&
e Iy Jn 0 0 g
o il
= = >
i R | ud
dr 0 0 TR a;
i o
dy | O 0 J Julldn

The strain displacement relation is given by
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4 4

But u = Z N;u, and v = Z N;v;

i=1 i=1

A - - r"
N N N N 1
fi: MNoog My N N v,
R R A |
i 1 rl 1 r: r3 1 r_l_ 2
— — 0 — 0 o — 0
§ -;n _|an . an . an . an o V2
- 0o 24 o9 Z2 g Z2 g Zafm
dé d5 o o& 9 | [v,
& o Moy Mo, W, N
anl | n an an an | ;
4
-ﬂ 0 ﬁ 0 &‘l 0 "}*L 0 -‘
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.II‘I J:: 0o 0 (|==L g o, 0 Ws 0 4 0
T O o
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Then element stiffness matrix is given by

[11= 121 [o][B] v

In this case.

[1= ¢ JJ (BT [o][5] ax &

where 1 15 the thickness.

Where 1/ is the determinant of the Jacobian.

14 ¢ ][] [oll#] 1| am

NUMERICAL INTEGRATION

In Gauss quadrature formula sampling points are cleverly placed. In this, both n sampling
points and n weights are treated as variables to make exact 2n — 1 degree polynomial. This
Is an open quadrature formula, the function values need not be known at end points but
they must be known at predetermined sampling points. The location of sampling points &,
and weight function w are determined using Legendre polynomials. Hence this method is
some times called as Gauss Legendre quadrature formula. Table shows gauss sampling
points



Location of sampling points and weight functions

| o
in Gauss Integration .I-_.I"[éfﬂf = Z w gl ;)
-1 i |

n & W,

1 £, = 0.00000000 W, = 200000000

2 -§,< 5 =057735027 W, = w,_ = 100000000

3 £, < 5 =0TT459667 w, = w, =0.55555556
£, = 000000000 w, = 0.BERRRRRY

4 -, < ,=08611363] w, =w, =0.34785485
&, < =033008104 w,=w, =0.65214515

For two dimensional problem n =2 means 2 x 2 = 4 Gaussian points and for three
dimensional problems it works out to be 2 x 2 x 2 = 8. Thus,

[ [t e a - ¥ wrenm

Tii=1
Y w, Y wrcen }}
i=1 i=1

1} n

=Y Y wwrien)

j=1i=1

Problems

1. For the isoparametric four noded quadrilateral element show in fig determine the
cartisian co-ordinates of point P which has local co-ordinates &= 0.5and n=0.5.

[ ——

Xqy
(1, 4)

Solution:



Cartesian co-ordinates of points 1, 2, 3 anci 4;
=1 »n=1
X3 =3, y=1
X3 = 6; y3=6
x4=1; ys=4
Shape functions for quadrilateral element are,

N, = z(1-e)(1-1)

= %(I +e)_(| -1)

N2 -
- La+ea+n
N3 G 4
= +
N, = 7(1-8)0 )
N, = J0-05)(1-09) = 00623
e %{1+0.5)(I-l}.5}=0.18?s
2
= N; = %(l+0.5)(l+0.5) = 0.5625
= N, = 3(1-05)(1+0.5) = 0.1875
We know that,

Co-ordinate, x = N,x,+N2x2+N3x3+N4x4
= 0.0625x 1+0.1875x 5+0.5625 x 6+ 0.1875 x |

[x = 4.5625 |

Similarly,
Co-ordinate, y = N, y, + N,y + N3 y3 + Nyyy
= 0.0625x 1 +0.1875 x 1 +0.5625 x 6 +0.1875 x 4

[y = 4375]




The Cartesian co-ordinates of the point P are (4.5625,4.375}

Problem 2
For the isoparametric quadrilateral element shown in fig. determine the local co-
ordinates of the point P which has Cartesian co-ordinates (7,4).

(8, 6)

(2, 8)

(3.1) (8. 1)

Solution:
¥ i i . & »y
Cartesin co-ordinmes, of point 1, 2 ;aml q
=1 n=l
xy = ne=l
Xy=R: »n- 6

Xy~ 2 ]

Shape functions for quadrilatera] clement are
Ny = 2 (-g)(1-v)
(I+e)(1-n)

(I+e)(l+n)

Bl D= Bfe= D]

Ny = 7(1-€g)(1+n)
Cartesian co-ordinates of point P (x, y),
x = Nyx;+Nyx;+Nyxy+Nyx,
Y = Nyt Npyy + Ny ys + Ny yg
Substitute Ny Ny Ny, Ny, x, xp, x5 and x, values in equation (1),
7 - ;;-[{I--|:II—1‘|]:-<3+[|‘*ﬂm—ﬂ]"‘ﬁ"'“+B}““‘\1]!3+{|-E]{|+q]x1]
28 = [(I ..-,-|_|;+::'r|}3+i.'l—ﬂ*ﬁ‘ﬂﬂ}ﬁ+(t+ﬂ+ﬁ+zn]3+(l+11—z-|-:'¢]2}
28 = 3-3n-3e+den+6-6n+6c-6en+B+8n+8e+8en+2+2n-2¢ -2en
28 = |9+ n+9% +3en




Substitute N}, Ny, Ny, Nys 3. ¥1s ¥ y3 and y values in equation (2),
¢ = Ly - eI M x6+(1-e)(1 +n)x 5]
4

= lli 1 gtent - Tl“-"'””ﬁ'ﬁﬂ+ﬁ:+ﬁ:“+5+sn_ss*sz“]
all-

d = §[|3+gn+|:‘|'l':r|]

= 16 = 13+9+¢+en

= |Mt+te+en = 3

Equation (4) multiplied by (-3),
-27n-3¢e-3en = -9
Solving equation (3) and (5),
n+%+3en = 9
-27Tn-3e-3en = -9

Solving, -26n+6e = 0
-26m = -6¢

= |& = 433330

Substitute € value in equation (3),
G) = n+9(433331n)+3(4.3333n)xn = 9
N+39n+13n2 = 9
— 1302+40n = 9
= 13n2+40n-9 = 0
" = —40 £/ (40% -4 (13) (-9)

2 (13)
- 1{ p
[ax2+bx+c=0; Roots: bi 2ba 4“]

_ —40+45475
26

n_ = 0.210587




Substitute n value in equation (6),
= €& = 433333 x0.210587

€ = 0.912545

Local co-ordinates of the point P n=0.200557
€=0.912545

problem 3
a four noded rectangular element is shown in fig. Determine the following (1) Jacobian

matrix (2) strain displacement matrix (3) element stresses

e t——

4 3
1 2 "
0.0) (2,0) X
Solution:
Take E =
5= zxzos IZ/mmz; v=0.25; u= [0, 0, 0.003, 0.004, 0.006, 0.004, 0, O]
=0 p=

Assume plane stress condition,
Cartesian co-ordinates of point 1, 2,3 and 4

x =0 »n=0
X, =2; y,=0
X3 =2, y;=1
x4=0; Ya=
Young’s modulus, E = 2x 105 N/m?

Poisson’s ratio, v = 0.23



Displacements, u

i

Natural co-ordinates, ¢ = 0, n=0
Jacobian matrix for quadrilateral element is

e
52 % [Ju -’zz]

1
where, Jj; = Z7[=(1-n)x;+(1-n)x3+ (1 +1)x3= (1 +n)x,]

1
2 = ZEA=-my+A-n)p+(1+n)y;—(1 +1) ]

—
o ]
I

o &
I = 4[—(1-e)x,—(1+e)x2+(l+e)x3+(l—e)x4]

1
In = gEA-e)y = +e)p+(1+e)y, +(1 =€) y4]

Substitute X1,X2,X3,X4,Y1,Y2,Y3,Y4, and € , M



1
In =3 [0+2+2-0)
J“ = ]

1
Jo =7 [0+0+1-1]
Jp =0

|
by = 7[0-2+2+0]
Jyy =0

1
In = 7[-0-0+1+1)

J, = 05
J|| "|2
=[] = ) PO
L 21 ¥
»
Jacobian matrix, [J] = (I) og]
= |J| = 1x05-0
J| =05

The strain displacement matrix is

1 Jo <, 0 o
BI=1 ¢ © 9y 4, x%

=) 0 (=) 0 (@a+m) 0 -+ 0
1) 0 —(l+e) 0 (1+4¢) 0O (l-€) O
0 A=) 0 () 0 (1+m) 0 i+
0 (=) 0 —Hl1+e) 0 (1+e) 0  (l-¢)
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-l 0 0 0 1lxs]| ™ B

[B] 0.501050"4 0-1 0 101 0 -
: 0-1 0-101 0 1

1

— —

-1 0 -1 0 1 0
0.5 x4

05 0 05 0 05 0 -05 0O
0 1
-1 <05 -1 05 1 05 1 -05

1 0 1 010-1 0
=—9§—[o-2 0202 0 z]
05x4" » 12 121 24

1 01 010-1 0

[B] = 0.25 02 0-202 0 2
g« -2 121 21

Element stress, ¢ = [D] [B] {u}

For plane stress condition,

Stress-strain relationship matrix, [D]

3732025

0
2x105 | 025 1 0
1 —(0.25 1-0.25

0= Um0
0
0

2

Irs NS

= 213.33x 103 [0.25 1 :'
0 0 0375



0
= 21333 x 103 x 0.25 0
1.5

1
4
0
4 1
[D] = 53.333x103 | 1 4 J
0015

41 0 I (Y ) 1 RV R B <
6} =53333x103[1 4 0 x0251 0 -2 0 202 o 2
00 =2 =] -2 127

15

o e i R % R
= 33333x 100025 (- -8 1. g1 gy

=3 -15 3315 3 15 3 -15

= 13.333 x 103 {

|

4

.

2 -1

0

0
0.003
0.004
0.006
0.004

0

I

(00N

0.003
0.004
0.006
0.004

0 /

0y

0+0+(4x0.003) + (-2 x 0.004) + (4 x 0.006) + (2 x 0.004) +0+0

0+0+(1 x0.003) + (-8 x 0.004) + (] % 0.006) + (8 x 0.004) + 0 + 0 }
00+ (-3 x0.003) + (1.5 x 0.004) + (3 % 0.006) + (1.5 x 0.004) + 0 + 0



0.036
{o} = 13333 x 103 0.009

0.021

430
{c} = 120\ N/m?

280



UNIT —I1I
ISOPARAMETRIC FORMULATIONS

The isoparametric concept brought out by Taig and latter on generalized by B.M. Irons
revolutionized the finite elements analysis and it also helped in properly mapping the
curved boundaries. They brought out the concept of mapping regular triangular and
rectangular elements in natural coordinate system, to arbitrary shapes in global system as
shown in Fig. The coordinate transformation of natural coordinates to global coordinate
system is presented. The terms isoparametric, super parametric and subparametrics are
defined.The basic theorems on which isoparametric concept is based are explained and
need for satisfying uniqueness theorem of mapping is presented. Assembling of stiffness
matrix is illustrated. For assembling stiffness matrix integration is to be carried out
numerically.

Parent elements in natural Mapped element if global
coordinate system system
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COORDINATE TRANSFORMATIéN

So far we have used the shape functions for defining deflection at any point interms of the
nodal displacement. Taig suggested use of shape function for coordinate transformation
form natural local coordinate system to global Cartesian system and successfully achieved
In mapping parent element to required shape in global system. Thus the Cartesian



coordinate of a point in an element may be expressed as or in matrix form where N are
shape functions and (x)

x=Nx+Nx+.+Nx
y=Ny+Ny,+..+ Ny,
=N g +N+..+N 2,

or in matrix form

{x} =[N {1,
where N are shape functions and (x)e are the coordinates of nodal points of the element.

The shape functions are to be expressed in natural coordinate system. The shape function
of this element is given as

N UZ8um) o _(+o)lty)
4 B -

v Lot ) oy, me)im)
4 -

P is a point with coordinate (§1) ). In global system the coordinates of the nodal points are
(xp, ¥) ey v, Gy, ) and (g, w,)
To get this mapping we define the coordinate of point P as
x=Nx +Nx+Nx +Nx
and yv=Ny +Ny,+ Ny, + Ny,
Noting that shape functions are such that at node i, Ni = 1 and all others are zero, it satisfy
the coordinate value at all the nodes.

ISOPARAMETRIC,SUBPARAMETRIC, AND SUPERPARAMETRIC

The finite element analysis with isoparametric elements, shape functions are used
for defining the geometry as well as displacements. If the shape functions defining the
boundary and displacements are the same, the element is called as isoparametric
element. For example, in Fig. all the eight nodes are used in defining the geometry and
displacement.
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o Nodes used for defining geometry

] MWodes used for defining displacement

(a) Isoparametric () Superparametric {c) Subparametric

Thus, in this case = IN118}.. x=I[NT (] and y=[N] {y],

where [N] is quadratic shape function of serendipity family.
The element in which more number of nodes are used to define geometry

compared to the number of nodes used to define displacement are known as
superparametric element. One such element is shown in Fig. in which 8 nodes are
used to define the geometry and displacement is defined using only 4 nodes. In the stress
analysis where boundary is highly curved but stress gradient is not high, one can use
these elements advantageously. Figure shows a subparametric element in which less
number of nodes are used to define geometry compared to the number of nodes used for
defining the displacements. Such elements can be used advantageously in case of

geometry being simple but stress gradient high.

STIFFNESS MATRIX ASSEMBLY
Assembling element stiffness matrix is a major part in finite element analysis.

Since it involves coordinate transformation from natural local coordinate system to
Cartesian global system, isoparametric elements need special treatment. Here the
assembling of element stiffness matrix for 4 noded quadrilateral element is explained in
detail. The procedure can be easily extended to higher order elements by using suitable

functions and noting the increased number of nodes.

4i-1,1) i
3(1.1) ]
e i

Ti=1.-1) 2(1,1) (x,.¥)

The shape functions are given as
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The displacement at any point is given as

ul] [N, 0 N, 0 N,
v[Tlo N 0 N 0

where

[J]= Jacobian matrix

(1-E&) (1)

J"i'l k!

0

a

&_.I.
a

%.

e ]
30
| v | v

Jacobian matrix relates the local coordinates to global coordinate system. In case of three

dimensional the jacobian matrix is given as



a y
> %2
J’ = =
V] dn dn dn
* » &
I
Now going back to isoparametric quadrilateral element,
Let
[JI _ |:J|| -fui|
LETRE P
v ay
Where Joo=— J,=-=
11 H‘E 12 ag
chr o
Jy=—=  Jy==
21 Rr!‘ n 3q
4
we know, x= Z Nx; = Njxj+ Noxy + Naxg + Nyxy

aN,  aN,  aN,

For any specified point the above matrix can be assembled. Now,
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Ji1, J12, J13, J14 are the elements of Jacobian inverse matrix. Since for a given point
Jacobian matrix is known its inverse can be calculated and Jacobian inverse matrix is
assembled. With this transformation relation known, we can expresses derivatives of the
displacements as shown below

a [n, 0, 0 o[
dr d&
e Iy Jn 0 0 g
o il
= = >
i R | ud
dr 0 0 TR a;
i o
dy | O 0 J Julldn

The strain displacement relation is given by
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But u = Z N;u, and v = Z N;v;

i=1 i=1
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Then element stiffness matrix is given by

[11= 121 [o][B] v

In this case.

[1= ¢ JJ (BT [o][5] ax &

where 1 15 the thickness.

Where 1/ is the determinant of the Jacobian.

14 ¢ ][] [oll#] 1| am

NUMERICAL INTEGRATION

In Gauss quadrature formula sampling points are cleverly placed. In this, both n sampling
points and n weights are treated as variables to make exact 2n — 1 degree polynomial. This
Is an open quadrature formula, the function values need not be known at end points but
they must be known at predetermined sampling points. The location of sampling points &,
and weight function w are determined using Legendre polynomials. Hence this method is
some times called as Gauss Legendre quadrature formula. Table shows gauss sampling
points



Location of sampling points and weight functions

| o
in Gauss Integration .I-_.I"[éfﬂf = Z w gl ;)
-1 i |

n & W,

1 £, = 0.00000000 W, = 200000000

2 -§,< 5 =057735027 W, = w,_ = 100000000

3 £, < 5 =0TT459667 w, = w, =0.55555556
£, = 000000000 w, = 0.BERRRRRY

4 -, < ,=08611363] w, =w, =0.34785485
&, < =033008104 w,=w, =0.65214515

For two dimensional problem n =2 means 2 x 2 = 4 Gaussian points and for three
dimensional problems it works out to be 2 x 2 x 2 = 8. Thus,

[ [t e a - ¥ wrenm

Tii=1
Y w, Y wrcen }}
i=1 i=1

1} n

=Y Y wwrien)

j=1i=1

Problems

1. For the isoparametric four noded quadrilateral element show in fig determine the
cartisian co-ordinates of point P which has local co-ordinates &= 0.5and n=0.5.

[ ——

Xqy
(1, 4)

Solution:



Cartesian co-ordinates of points 1, 2, 3 anci 4;
=1 »n=1
X3 =3, y=1
X3 = 6; y3=6
x4=1; ys=4
Shape functions for quadrilateral element are,

N, = z(1-e)(1-1)

= %(I +e)_(| -1)

N2 -
- La+ea+n
N3 G 4
= +
N, = 7(1-8)0 )
N, = J0-05)(1-09) = 00623
e %{1+0.5)(I-l}.5}=0.18?s
2
= N; = %(l+0.5)(l+0.5) = 0.5625
= N, = 3(1-05)(1+0.5) = 0.1875
We know that,

Co-ordinate, x = N,x,+N2x2+N3x3+N4x4
= 0.0625x 1+0.1875x 5+0.5625 x 6+ 0.1875 x |

[x = 4.5625 |

Similarly,
Co-ordinate, y = N, y, + N,y + N3 y3 + Nyyy
= 0.0625x 1 +0.1875 x 1 +0.5625 x 6 +0.1875 x 4

[y = 4375]




The Cartesian co-ordinates of the point P are (4.5625,4.375}

Problem 2
For the isoparametric quadrilateral element shown in fig. determine the local co-
ordinates of the point P which has Cartesian co-ordinates (7,4).

(8, 6)

(2, 8)

(3.1) (8. 1)

Solution:
¥ i i . & »y
Cartesin co-ordinmes, of point 1, 2 ;aml q
=1 n=l
xy = ne=l
Xy=R: »n- 6

Xy~ 2 ]

Shape functions for quadrilatera] clement are
Ny = 2 (-g)(1-v)
(I+e)(1-n)

(I+e)(l+n)

Bl D= Bfe= D]

Ny = 7(1-€g)(1+n)
Cartesian co-ordinates of point P (x, y),
x = Nyx;+Nyx;+Nyxy+Nyx,
Y = Nyt Npyy + Ny ys + Ny yg
Substitute Ny Ny Ny, Ny, x, xp, x5 and x, values in equation (1),
7 - ;;-[{I--|:II—1‘|]:-<3+[|‘*ﬂm—ﬂ]"‘ﬁ"'“+B}““‘\1]!3+{|-E]{|+q]x1]
28 = [(I ..-,-|_|;+::'r|}3+i.'l—ﬂ*ﬁ‘ﬂﬂ}ﬁ+(t+ﬂ+ﬁ+zn]3+(l+11—z-|-:'¢]2}
28 = 3-3n-3e+den+6-6n+6c-6en+B+8n+8e+8en+2+2n-2¢ -2en
28 = |9+ n+9% +3en




Substitute N}, Ny, Ny, Nys 3. ¥1s ¥ y3 and y values in equation (2),
¢ = Ly - eI M x6+(1-e)(1 +n)x 5]
4

= lli 1 gtent - Tl“-"'””ﬁ'ﬁﬂ+ﬁ:+ﬁ:“+5+sn_ss*sz“]
all-

d = §[|3+gn+|:‘|'l':r|]

= 16 = 13+9+¢+en

= |Mt+te+en = 3

Equation (4) multiplied by (-3),
-27n-3¢e-3en = -9
Solving equation (3) and (5),
n+%+3en = 9
-27Tn-3e-3en = -9

Solving, -26n+6e = 0
-26m = -6¢

= |& = 433330

Substitute € value in equation (3),
G) = n+9(433331n)+3(4.3333n)xn = 9
N+39n+13n2 = 9
— 1302+40n = 9
= 13n2+40n-9 = 0
" = —40 £/ (40% -4 (13) (-9)

2 (13)
- 1{ p
[ax2+bx+c=0; Roots: bi 2ba 4“]

_ —40+45475
26

n_ = 0.210587




Substitute n value in equation (6),
= €& = 433333 x0.210587

€ = 0.912545

Local co-ordinates of the point P n=0.200557
€=0.912545

problem 3
a four noded rectangular element is shown in fig. Determine the following (1) Jacobian

matrix (2) strain displacement matrix (3) element stresses

e t——

4 3
1 2 "
0.0) (2,0) X
Solution:
Take E =
5= zxzos IZ/mmz; v=0.25; u= [0, 0, 0.003, 0.004, 0.006, 0.004, 0, O]
=0 p=

Assume plane stress condition,
Cartesian co-ordinates of point 1, 2,3 and 4

x =0 »n=0
X, =2; y,=0
X3 =2, y;=1
x4=0; Ya=
Young’s modulus, E = 2x 105 N/m?

Poisson’s ratio, v = 0.23



Displacements, u

i

Natural co-ordinates, ¢ = 0, n=0
Jacobian matrix for quadrilateral element is

e
52 % [Ju -’zz]

1
where, Jj; = Z7[=(1-n)x;+(1-n)x3+ (1 +1)x3= (1 +n)x,]

1
2 = ZEA=-my+A-n)p+(1+n)y;—(1 +1) ]

—
o ]
I

o &
I = 4[—(1-e)x,—(1+e)x2+(l+e)x3+(l—e)x4]

1
In = gEA-e)y = +e)p+(1+e)y, +(1 =€) y4]

Substitute X1,X2,X3,X4,Y1,Y2,Y3,Y4, and € , M



1
In =3 [0+2+2-0)
J“ = ]

1
Jo =7 [0+0+1-1]
Jp =0

|
by = 7[0-2+2+0]
Jyy =0

1
In = 7[-0-0+1+1)

J, = 05
J|| "|2
=[] = ) PO
L 21 ¥
»
Jacobian matrix, [J] = (I) og]
= |J| = 1x05-0
J| =05

The strain displacement matrix is

1 Jo <, 0 o
BI=1 ¢ © 9y 4, x%

=) 0 (=) 0 (@a+m) 0 -+ 0
1) 0 —(l+e) 0 (1+4¢) 0O (l-€) O
0 A=) 0 () 0 (1+m) 0 i+
0 (=) 0 —Hl1+e) 0 (1+e) 0  (l-¢)
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-l 0 0 0 1lxs]| ™ B

[B] 0.501050"4 0-1 0 101 0 -
: 0-1 0-101 0 1

1

— —

-1 0 -1 0 1 0
0.5 x4

05 0 05 0 05 0 -05 0O
0 1
-1 <05 -1 05 1 05 1 -05

1 0 1 010-1 0
=—9§—[o-2 0202 0 z]
05x4" » 12 121 24

1 01 010-1 0

[B] = 0.25 02 0-202 0 2
g« -2 121 21

Element stress, ¢ = [D] [B] {u}

For plane stress condition,

Stress-strain relationship matrix, [D]

3732025

0
2x105 | 025 1 0
1 —(0.25 1-0.25

0= Um0
0
0

2

Irs NS

= 213.33x 103 [0.25 1 :'
0 0 0375



0
= 21333 x 103 x 0.25 0
1.5

1
4
0
4 1
[D] = 53.333x103 | 1 4 J
0015

41 0 I (Y ) 1 RV R B <
6} =53333x103[1 4 0 x0251 0 -2 0 202 o 2
00 =2 =] -2 127

15

o e i R % R
= 33333x 100025 (- -8 1. g1 gy

=3 -15 3315 3 15 3 -15

= 13.333 x 103 {

|

4

.

2 -1

0

0
0.003
0.004
0.006
0.004

0

I

(00N

0.003
0.004
0.006
0.004

0 /

0y

0+0+(4x0.003) + (-2 x 0.004) + (4 x 0.006) + (2 x 0.004) +0+0

0+0+(1 x0.003) + (-8 x 0.004) + (] % 0.006) + (8 x 0.004) + 0 + 0 }
00+ (-3 x0.003) + (1.5 x 0.004) + (3 % 0.006) + (1.5 x 0.004) + 0 + 0



0.036
{o} = 13333 x 103 0.009

0.021

430
{c} = 120\ N/m?

280



UNIT 5

DYNAMIC ANALYSIS

Nonlinear problems

Various non linear problems in finite element analysis may be group into the

following three categories.

1. Material non linear problems

2. Geometric non linear problems

3. Non linear boundary or initial conditions
Nonlinear Material Behavior

This is one of the most common forms of nonlinearity, and would include
nonlinear elastic, plastic, and visco elastic behavior. For thermal problems, a

temperature dependent thermal conductivity will produce nonlinear equations.
Large Deformation Theory (Geometric Nonlinearity)

If a continuum body under study undergoes large finite deformations, the
strain-displacement relations will become nonlinear. Also for structural mechanics
problems under large deformations, the stiffness will change with deformation thus

making the problem nonlinear. Buckling problems are also nonlinear.
Nonlinear Boundary or Initial Conditions

Problems involving contact mechanics normally include a boundary
condition that depends on the deformation thereby producing a nonlinear
formulation. Thermal problems involving melting or freezing (phase change) also

include such nonlinear boundary conditions.



Strain | Stress

Displacement

Nonlinear Nonlinear
displacement-strain stress-strain
— Nonlinear displ. BC Nonlinear force BC —|
Prescribed Applied
displacement force

Non linearity in structural problem

GEOMETRIC NONLINEARITY

Relations among kinematic quantities (i.e., displacement, rotation and

strains) are nonlinear

T T T
o B.F

=1 c o
/’) //—':.)2 @6.— .
";\74.— g

E
b 2.1 i

G,
C ’ 1 1

[«
O_
[N

0.4 0.6 0.8 1.0
Normalized couple

0.0

T —T
0.30 [— £ _//l
T
0.25 e .
TN
0.20 |- ~
- e
=
v 0.15 |- —
0.10 |- —
0.05
o . L ' . '
o 0.05 0.10 0.15 0.20 0.25 0.30

du/dx

Displacement-strain relation
i. E has a higher-order term

ii. (du/dx) <<1 > e(x) ~ E(X).



Domain of integration
i Undeformed domain Wy

ii. Deformed domain Wy

a(u,u) = j jQ &(T) : o(u)dQ

MATERIAL NONLINEARITY
Linear (elastic) material
{c} = [D1{e}
Only for infinitesimal deformation
Nonlinear (elastic) material
i. [C]is not a constant but depends on deformation
ii. Stress by differentiating strain energy density U

iil. Linear material:

U:%Es2
du
G dg—Es

Nonlinear —
spring

£ Linear spring

Linear and nonlinear elastic spring models



Elasto-plastic material (energy dissipation occurs)
i.  Friction plate only support stress up to sy
ii. Stress cannot be determined from stress alone

iii.  History of loading path is required: path-dependent

Elasto-plastic spring model
Visco-elastic material
i.  Time-dependent behavior

i. Creep, relaxation

77
Es
}—N\I@N = -

Visco-elastic spring model

¥

tTime

Boundary and Force Nonlinearities
Nonlinear displacement BC (kinematic nonlinearity)

Contact problems, displacement dependent conditions

, 8 max
‘ ¥
I — — : g //
i/ \I © /j
: \‘\_ S-e - ) j/ . /_

Contact boundary Displacement



Nonlinear force BC (Kinetic nonlinearity)

NON LINEAR ANALYSIS

Newton-Raphson Method

P(dHI)

P(d')

i.  Most popular method

v

i. Assume d'at i-th iteration is known

iii. Looking for d"* from first-order Taylor series expansion

P(d*!) ~ P(d') +Ki(d)-Ad = F

oy [P
T(d){ad}

iv. Solve for incremental solution

Kiad' = F - P(d")

v. Update solution

d*l =d + aAd

: Jacobian matrix or Tangent stiffness

matrix



Consistent System Matrices

To do dynamic and vibration finite element analysis, you need at least a
mass matrix to pair with the stiffness matrix. As a general rule, the construction of
the master mass matrix M largely parallels of the master stiffness matrix K. Mass
matrices for individual elements are formed in local coordinates, transformed to
global, and merged into the master mass matrix following exactly the same
techniques used for K. In practical terms, the assemblers for K and M can be
made identical. This procedural uniformity is one of the great assets of the Direct
Stiffness Method. A notable difference with the stiffness matrix is the possibility of
using a diagonal mass matrix based on direct lumping. A master diagonal mass
matrix can be stored simply as a vector. If all entries are nonnegative, it is easily
inverted, since the inverse of a diagonal matrix is also diagonal. Obviously a
lumped mass matrix entails significant computational advantages for calculations
that involve M-1. This is balanced by some negative aspects that are examined in

some detail later.

Mass Matrix Construction

The master mass matrix is built up from element contributions, and we start
at that level. The construction of the mass matrix of individual elements can be
carried out through several methods. can be categorized into three groups: direct
mass lumping, variational mass lumping, and template mass lumping. The last
group is more general in that includes all others. Variants of the first two
techniques are by now standard in the FEM literature, and implemented in all

general purpose codes.

Direct Mass Lumping

The total mass of element e is directly apportioned to nodal freedoms,
ignoring any cross coupling. The goal is to build a diagonally lumped mass matrix
or DLMM, denoted here by MeL .As the simplest example, consider a 2-node
prismatic bar element with length L, cross section area A, and mass density p,
which can only move in the axial direction x,. The total mass of the element is Me

= p AL. This is divided into two equal parts and assigned to each end



Dynamic condensation

The accuracy of the resulting reduced model is generally very low for
dynamic problems. To achieve reasonably accurate results, the masters must be
chosen with great care and number of masters should be greater than the number
of modes interested. To alleviate the limitations, the inertia effects could be
partially or fully included in the condensation. The corresponding condensation
approaches are generally called dynamic condensation

The equation of motion is cast as a shifted Eigen problem. A shift value, f, is

introduced into the set of equations describing the dynamic system, thus

(K, - (= )M, [Kx, }= {0}

The terms are rearranged to group the constant term f times the mass

matrix with the stiffness matrix to yield

[[[K. ]+ £[M,, |- A[M, T, } = {0}

Then let a new system matrix [D] be used to describe the ‘effective’ stiffness

matrix as

[Dn]=[[K, ]+ M, ]

This ‘effective’ stiffness equation

[Dn ]{Xn } = {Fn}
can be partitioned into the ‘a’ active DOF and the ‘d’ deleted or omitted DOF to

form two equations given as

oo ool 1)

Assuming that the forces on the deleted DOF are zero, then the second equation

can be written as

[Dya Jxa }+[Daa Jixq} = {0}

which can be solved for the displacement at the deleted DOF as

{xq}=-IDga] "' [Dys Jixa )



The first equation can be written as

[Daa]{xa }+ [Dad ]{Xd } = {Fa }

and upon substituting for the ‘d’ deleted DOF this equation becomes

[D, Jx, )+ Do [P I [Dga Jx, ) = (B}

This can be manipulated to yield the desired transformation to be

[I]} { [1] }
T, = .
[ f]=|:[tf] _[Ddd] 1[Dda]
Using this transformation, the reduced stiffness can be written as
f T
k&= T K, I

This same transformation can be applied to the mass matrix given by
fl_ T
[ME |= [ 1" M, T

THERMAL ANALYSIS

One dimensional conduction

a7 Adiahatic

A
——K - S 7
q, . 7 T

K - thermal conductivity )

dT = temperature change

qlout),

Lf'-‘sdiabatic

E,+E, , =AU+E,,
g, A-dt+0-A-dx.dt =AU +q,, - A-dt

q = heat conducted E =kinctic cnergy

» T R R S e

—internal heat source U = stored encrgy

n,



Two-Dimensional Conduction

ay :_Kxx'd_T +_Kzz.d_T
dx dz

Adiabatic

q(in),

q(in),

E,.+E. =AU +E,
Qi - A-dt+0;, - A-dt+ Q- A-dx-dt

=AU + Qgux - A-dt + Qg - A-dt

Finite Element 2-D Conduction

Select Element Type

\—Adiabatic

i 1-d elements are lines

qlou),

qlout),

ii. 2-delements are either triangles, quadrilaterals, or a mixture as shown



iii. Label the nodes so that the difference between two nodes on any element
iS minimized.

Finite Element 2-D Conduction

1. Assume (Choose) a Temperature Function

tm {K m>Ym }

Assume a linear temperature function for each element as:

t(x,y) =a +a,x+ay
2
¥} ={a +ax+ay}=[lxy}a,
a3

Where u and v describe temperature gradients at (x;,yi).

2.Assume (Choose) a Temperature Function

T=Nt+N;t, +N t,
ti
[T]:[Ni +N;+ N, pt
tm

T = temperature function
N = shape function
t = nodal temperature

3.Define Temperature Gradient Relationships

[oT) [oN, ON; oN, 1

{ }_ | OX | _ OX OX OX ti
g _Tﬂj_ Pt tj
oy oy oy oy |\"

GRANE



Analogous to strain matrix: {g}=[B]{t}
[B] is derivative of [N]

Heat flux/Temperature Gradient :

Ll :_FKXX ° 1{9}=—[D]{9}

laf o ]

4. Derive Element Conduction Matrix and Equations

Conduction Convection

[k]= J[[[eT [IBlav + fn[N] [N]ds

_wale] [D]] +hPJ‘1 - ﬁ - T)jdx

_AK[1-1] hpLf2 1
L |-1 1 6 |1 2
5. Derive Element Conduction Matrix and Equations

1
{f,}= Qfffv Jdv = QTV 1} for constant heat source
\

(=l

for each element

Stiffness matrix is general term for a matrix of known coefficients being
multiplied by unknown degrees of freedom, i.e., displacement OR temperature,
etc. Thus, the element conduction matrix is often referred to as the stiffness

matrix.

6. Assemble Element Equations, Apply BC’s

Fi=[Klt



From here on virtually the same as structural approach.

Heat flux

boundary conditions already accounted for in derivation. Just substitute into

above equation and solve for the following:
7. Solve for Nodal Temperatures

8. Solve for Element Temperature Gradient & Heat Flux

Dynamic equation of motion

In dynamic problems the displacements, velocities, strains, stresses and

loads are all time dependent. The procedure involved in deriving the FE equations

of a dynamic problem can be stated by the following steps:

1. Idealize the body into E finite elements

2. Assume the displacement model of element e as

wlx, y, z, L)
Uz, y. z.t) v(x, y. 2. 1) IN(z,y,2)]Q "™ (t)
wiz,y, 2, t)

3. Derive the element characteristic (stiffness and mass) matrices and

characteristic (load) vector.

£ = [Blg'"’

&= |D|F= [D|[B)Q '

4. Assemble the element matrices and vectors and derive the overall system

equations of motion.

5. Solve the equation of motion by applying the boundary conditions.

Consistent and lumped mass matrices

The above mass matrix is called as “consistent” mass matrix of the

element.lt is called consistent because the same displacement model that is used

for deriving the element stiffness matrix is used to for the derivation of mass

matrix.

It is interest to note that several dynamic problems have been and are

being solved with simpler forms of mass matrices.the simplest form of mass matrix



that can be used is that obtained by placing point (concentrated) mass mi at node

point | in the directions of assumed displacement degrees of freedom.



The concentrated masses refer to translational and rotational inertia of the
element and are calculated by assuming that the material within the mean
locations on either side of the particular displacement behaves like a rigid body
while the remainder of the element does not participate in the motion.

Thus, this assumption excludes the dynamic coupling that exists between
the element displacements and hence the resulting element mass matrix is purely

diagonal and is called the “lumped” mass matrix.

Natural frequencies and mode shapes
The oscillatory motion occurs at certain frequencies known as natural
frequencies or characteristic values, and it follows well defined deformation

patterns known as mode shapes and characteristic modes.

AXIALLY LOADED BAR

A. Constant End Load

|-'

Given: Length L, Section Area A, Young's modulus E
Find: stresses and deformations.

Assumptions:

The cross-section of the bar does not change after loading.
The material is linear elastic, isotropic, and homogeneous.
The load is centric.

End-effects are not of interest to us.



Strength of Materials Approach

From the equilibrium equation, the axial force at a random point x
along the bar is:

R
f(x) = R(= const) = o(x) = a
From the constitutive equation (Hooke’s Law):
o(x) R
)=~ =z
Hence, the deformation 5(;{] is obtained from kinematics as:
€ = 55{_}(] = d(x) = j—;

Mote: The stress & strain is independent of x for this case of
loading.
B. Linearly Distributed Axial 4+ Constant End Load

v

T/fr/\ —

L
|_.. -

From the equilibrium equation, the axial force at random point x
along the bar is:

2 .2
f(x) = R+ ﬂ%(i_x) — R+ M( depends on x)

In order to now find stresses & deformations (which depend on x)
we have to repeat the process for every point in the bar. This is
computationally inefficient.



From the equilibrium equation, for an infinitesimal element:

. Ao do
Ao = q(x)Ax + Ao + Ac) = A lim E+q(xj_n=>ﬁ.

Hoc—0
2
Also, € = %.ﬂ' = Ee.q(x) = ax = AEd— +ax=0

) Strong Form

T .

| = :'i_'. 1 = F AEd_ + ax = =0

I - ,-",f-.\x._\ dx

— T eesw u(0) = 0 essential BC
com f(L)=R=- AE E = R natural BC
"T-'I - x=lL

Analytical Solution

3X3

ulx) = Uhow + Uy = u(x) = Gix+ G — EAE

1, &2 are determined from the BC

An analytical solution cannot always be found

Approximate Solution - The Galerkin Approach (#3): Multiply by the weight function

w and integrate over the domain

L d‘2u L
/ AE —wdx + f axwdx =0
0 dx? 0

Apply integration by parts

L d?u du dw
AE —wdx = AE—W AE——dx:}
0 dx? dy dx

L d?u u dw
fu AEﬁwdx_[AE—{L]w[L} AE—[ﬂ)w{ﬂ)] f E—de

But from BC we have u(0) =0, AEﬂ—:‘{L}w{L} =
weak form can be written as

L L

du d

fAE—u—wdx=Rw(L}+f axwdx
0 dx dx 0

Rw(L), therefore the approximate



In Galerkin's method we assume that the approximate solution, u can be expressed as

w is chosen to be of the same form as the approximate solution (but with arbitrary
coefficients wy),

w(x) = Z wilNi(x)
i=1

Plug u(x),w(x) into the approximate weak form:

f « n L ]
[ AEZ j Z: N 1dx=R;mN,-{L]+fn ax; w; N (x)dx

w; Is arbitrary, so the above has to hold ¥ w;:

L rhdNi(x), dNi(x) T Lo ._
Z[[ AE ™ dx] ”;-RNa[iHﬁ axNi(x)dx i=1...n

which is a system of n equations that can be solved for the unknown coefficients u;.

The matrix form of the previcus system can be expressed as

e T dNi(x) , o dNi(x)
Kiju; = fi where K,_,—-/ﬂ- e AE & dx

L
and fi = RN;(L) + f axN;(x)dx
0

Finite Element Solution - using 2 discrete elements, of length h (3 nodes)
From the iso-parametric formulation we know the element stiffness matrix

K® = % [ L -l ] Assembling the element stiffness matrices we get:

-1 1

- Kﬁ K%Z 0
= - K“=| K, KL+K, K& |-

—"/ \ 0 Ky K2
= L:.- = AT+ AT E 1 _1 {]
—( }‘ ‘ : Kt — E [ _1 2 _1 j|

= [ h 0 -1 1



ANSYS

h AND p METHOD

Two types method are used to demonstrate the numerical convergence of the solution :
1). h — method
2). p — method

The h- and p- versions of the finite element method are different ways of adding degrees of
freedom (dof) to the model

&

& &
Original mesh h-refinement p-refinement

h-method —> The h-method improves results by using a finer mesh of the same type of element.
This method refers to decreasing the characteristic length (h) of elements, dividing each existing
element into two or more elements without changing the type of elements used.

p-method —> The p-method improves results by using the same mesh but increasing the
displacement field accuracy in each element. This method refers to increasing the degree of the
highest complete polynomial (p) within an element without changing the number of elements used.

The difference between the two methods lies in how these elements are treated. The h-method
uses many simple elements, whereas the p-method uses few complex elements.

H-Method

More accurate information is obtained by increasing the number of elements.The name for the h-
method is borrowed from mathematics. The variable h is used to specify the step size in humeric
integration. If a part is modeled with a very course mesh, then the stress distribution across the part
will be very inaccurate. In order to increase the accuracy of the solution, more elements must be
added. This means creating a finer mesh. As an initial run, a course mesh is used to model the
problem. A solution is obtained. To check this solution, a finer mesh is created. The mesh must
always be changed if a more accurate solution is desired. The problem is run again to obtain a
second solution. If there is a large difference between the two solutions, then the mesh must be
made even finer and then solve the solution again. This process is repeated until the solution is not
changing much from run to run.

ﬁ

H-Method with Course Mesh H-Method with Fine Mesh



P-Method

The p in p-method stands for polynomial. Large elements and complex shape functions are used in
p-method problems. In order to increase the accuracy of the solution, the complexity of the shape
function must be increased. Increasing the polynomial order increases the complexity of the shape
function.The mesh does not need to be changed when using the p-method.

As an initial run, the solution might be solved using a first order polynomial shape function. A
solution is obtained. To check the solution the problem will be solved again using a more
complicated shape function. For the second run, the solution may be solved using a third order
polynomial shape function. A second solution is obtained. The output from the two runs is
compared.

If there is a large difference between the two solutions, then the solution should be run using a third
order polynomial shape function. This process is repeated until the solution is not changing much
from run to run.

P-Method with 2nd Order Polynomial P-Method with 3rd Order Polynomial



