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3.7.2.2   due to tractions ( ) 

 
The general form of equilvalent nodal forces from tractions is: 
 

(3.68)   

 
Again you can carry out this by numerical integration and for constant and linear tractions, 
we can derive the integration analytically.  
 
pressure and shearing  
 
Frequently, the boundary distributed loadings may arise from applied pressure (normal stress) 
or shearing loads. In plane stress, these distributed loads act on element edges that lie on the 
global boundary.  
 
As a general example, consider a T3 element having normal and tangential loads 𝑝" and 𝑝# 
acting along the edge defined by element nodes 2 and 3.  
 

 
 
Element thickness is denoted 𝑡, and the loads are assumed to be expressed in terms of force 
per unit area. We seek to replace the distributed loads with equivalent nodal forces acting at 
nodes 2 and 3.  

First, the distributed loads are converted to equivalent loadings in the global coordinate 
directions, as in Figure (b), via 

𝑝% = 𝑝"𝑛% − 𝑝#𝑛)	 
𝑝) = 𝑝"𝑛) + 𝑝#𝑛%	 

 
with 𝑛% and 𝑛) corresponding to the components of the unit outward normal vector to edge 
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2-3. Here, we use the notation p for such loadings, as the units are those of pressure.  
 
For general pressure and shearing condition, (3.68) can be written as: 
 

(3.69)  

 
where  
 

 

 
Recall that interpolation function 𝑁-. is zero along edge 2-3, the equivalent nodal forces as 
depicted in Figure (c) are: 
 

 

 
Example: Given the triangular plane stress element shown in Figure below, determine the 
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nodal forces equivalent to the distributed loads. Element thickness is 0.2 in. and uniform. 
 

 

 
A: 
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T3 Example 
 
Let us now go through a simple example with a detailed solution of T3 elements to illustrate 
the finite element method for a plane stress problem.  
 
Let us consider a thin plate subjected to the surface traction shown below. We would like to 
determine the nodal displacements and the element stresses using two T3 elements. The plate 

thickness , , and . 

 

 

 
The finite element mesh consisting of two triangular elements is shown in the Figure above. 
To ease our life while performing hand calculations with the finite element formulation, we 
number those degrees of freedom that are essential boundary conditions first.  
 

 

 

Our goal is to solve . 

 
Remark: We do not need to worry about this numbering scheme when we do MATLAB 
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implementation. 
 

function displacements=solution(GDof,prescribedDof,stiffness, 
force) 
% function to find solution in terms of global displacements 
activeDof=setdiff([1:GDof]’,[prescribedDof]); 
U=stiffness(activeDof,activeDof)\force(activeDof); 
displacements=zeros(GDof,1); 
displacements(activeDof)=U; 

 

In MATLAB, we define a vector containing all activeDof degrees of freedom ( ), by 

setting up the difference between all degrees of freedom ( ) and the prescribed degrees of 

freedom ( ). The MATLAB function setdiff allows this operation. 

 
The  matrix for the three-node triangle is given by (see (3.61)) 
 

 

 
where the area of the triangle 

 

 
And the element stiffness matrix:  
 

. 

where the constitutive matrix  for plane stress problems. 

Substituting Young’s modulus  and Poisson ratio  into the  

matrix, we have: 
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Element 1 
 

 
 
The black number indicates the local node numbering (always numbered counterclockwise) 
and the red for global node numbering. 
 

 

 

 

 

 
Remark: you should immediately observe that the element stiffness matrix  is a 
symmetric matrix. If you put the numbers into MATLAB, you realize that  is a singular 
matrix with zero determinant. 
 

>> K = [140 0 0 -70 -140 70; 
0 400 -60 0 60 -400; 
0 -60 100 0 -100 60; 
-70 0 0 35 70 -35; 
-140 60 -100 70 240 -130; 
70 -400 60 -35 -130 435]; 
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>> det(K) 
 
ans = 
 
     0 

 
Element 2 
 

 
 
Again, the black number indicates the local node numbering and the red for global node 
numbering. 
 

 

 

 

 

 
The global stiffness matrix is obtained by direct assembly of the two element stiffness matrices: 
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Let us now consider the element force matrix . In this case, we only have  due to 

tractions ( ) along the edge 3-4 and we shall establish a 1D local coordinate in terms of the 

edge parameter : 
 

 and  

 

 

 

48 0 28 14 0 26 20 12
0 87 12 80 26 0 14 7
28 12 48 26 20 14 0 0

14 80 26 87 12 7 0 0375000 (lb/in.)
0 26 20 12 48 0 28 140.91
26 0 14 7 0 87 12 80
20 14 0 0 28 12 48 26

12 7 0 0 14 80 26 87

- - -é ù
ê ú- - -ê ú
- - -ê ú
ê ú- - -ê ú=
ê ú- - -
ê ú- - -ê ú
ê ú- - -
ê ú

- - -ë û

K

ef ef
e
Gf

x

43
1 1 1edgeN N x= = - 2N x=

 

x
1

2



Finite Element Method 
05/01/2019 

 9 

 

 
Now return to our example and the resulting global system of equations is given by: 
 

 

 

 

 

 
Stress Calculations 
 
We now determine the stresses in each element by recalling (3.20) and (3.43):  
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Element 1 

 

 
Element 2 

 

 

Q: Do the computed stresses , ,  in each element make sense? 

A: 
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3.8 Programming Finite Element in 2D: A First Look 
 
We are now ready to implement T3 elements to solve 2D linear elasticity problems (or second-
order partial differential equations). The basic steps involved in the finite element analysis of 
a typical problem remain the same:  
 
Step1: Discretization of the given domain into a collection of preselected finite elements. We 

thus construct the finite element mesh of preselected elements. 
Step 2: Derivation of element equations for all typical elements in the mesh. For each element, 

compute stiffness matrix , and force vector . 
Step 3: Assembly of element equations to obtain equations of the whole problem . 
Step 4: Imposition of essential boundary conditions of the problem. 

Step 5: Solution of the assembled equations and obtain the global displacements . 

Step 6: Postprocessing of the results. For each element, evaluate the strains and stresses and 
others (post-processing). 

 
We will consider the same T3 example to demonstrate our MATLAB implementation. 
 

 

 
Step1: Discretization of the given domain into a collection of preselected finite elements. We 

thus construct the finite element mesh of preselected elements. 
 
The first step is preprocessing: the main goal is to define nodal coordinates and a set of elements 
connected at nodes (and other material properties as well). 
 

% A Thin Plate Subjected to Uniform Traction 
% T3 Implementation 
% 2 elements 
% clear memory and close all figures 
clear all;  
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clc; 
close all; 
 
% materials 
E  = 30e6;     poisson = 0.30;  thickness = 1; 
 
% matrix D 
D=E/(1-poisson^2)*[1 poisson 0;poisson 1 0;0 0 (1-poisson)/2]; 
  
% preprocessing 
% numberElements: number of elements 
numberElements = 2;  
% numberNodes: number of nodes 
numberNodes = 4; 
% coordinates and connectivities 
elementNodes=[1 3 2; 1 4 3]; 
nodeCoordinates=[0, 0; 0, 10; 20, 10; 20, 0]; 
drawingMesh(nodeCoordinates,elementNodes,'T3','k-o'); clear all;  

  
Since it is rather easier to make unintentional mistakes while typing the coordinates and 
connectivities in 2D, it would be better to draw the mesh so you can visualize it. We have 
written an extensible function drawingMesh.m that is useful to visualize your mesh in 
MATLAB. The current version of drawingMesh.m only supports T3 and Q4 elements but it 
will be extended later for other elements. 
 

function drawingMesh(nodeCoordinates, elementNodes, type, format) 
switch type 
    case 'T3' 
        seg1 = [1,2,3,1]; 
    case 'Q4' 
        seg1 = [1,2,3,4,1]; 
    otherwise 
  disp('Type is not supported yet') 
end 
 
for e = 1:length(elementNodes(:,1)) 
    plot(nodeCoordinates(elementNodes(e,seg1),1),  

nodeCoordinates(elementNodes(e,seg1),2),format) 
    hold on 
end 
 
axis equal 
hold off 
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And that’s it for preprocessing for this simple problem. 
 
Step 2: Derivation of element equations for all typical elements in the mesh. For each element, 

compute stiffness matrix , and force vector . 
Step 3: Assembly of element equations to obtain equations of the whole problem. 
 
For the T3 element, the element stiffness matrix is . In MATLAB, we can 
delegate element stiffness matrix calculations and assembly of element stiffness into a single 
function formStiffness2D.m 
 

function stiffness=formStiffness2D(GDof,numberElements,... 
  elementNodes,numberNodes,nodeCoordinates,D,thickness) 
 
% compute stiffness matrix for T3 elements 
 
stiffness=zeros(GDof); 
 
for e=1:numberElements                            
  numNodePerElement = length(elementNodes(e,:)); 
  numEDOF = 2*numNodePerElement; 
  elementDof=zeros(1,numEDOF); 
  for i = 1:numNodePerElement 
    elementDof(2*i-1)=2*elementNodes(e,i)-1; 
    elementDof(2*i)=2*elementNodes(e,i);    
  end 
   
  %  B matrix 
  x1 = nodeCoordinates(elementNodes(e,1),1); 
  y1 = nodeCoordinates(elementNodes(e,1),2); 
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  x2 = nodeCoordinates(elementNodes(e,2),1); 
  y2 = nodeCoordinates(elementNodes(e,2),2); 
  x3 = nodeCoordinates(elementNodes(e,3),1); 
  y3 = nodeCoordinates(elementNodes(e,3),2); 
  A = 1/2*det([1 x1 y1; 1 x2 y2; 1 x3 y3]); 
  B = 1/(2*A).*[y2-y3 0 y3-y1 0 y1-y2 0; 
                  0 x3-x2 0 x1-x3 0 x2-x1; 
                  x3-x2 y2-y3 x1-x3 y3-y1 x2-x1 y1-y2] 
     
% stiffness matrix 
  stiffness(elementDof,elementDof)=... 
    stiffness(elementDof,elementDof)+... 
    A*thickness*B'*D*B;       
end 

 
General implementation of external force vectors  due to traction is rather involved and we 
shall postpone the discussion. For now let us just use the known nodal force results directly: 
  

% GDof: global number of degrees of freedom 
GDof = 2*numberNodes;  
 
% boundary conditions  
prescribedDof = [1 2 3 4]'; 
% force vector  
force = zeros(GDof,1); 
force(5) = 5000;  
force(7) = 5000; 
 
% calculation of the system stiffness matrix 
stiffness = formStiffness2D(GDof,numberElements,... 
    elementNodes,numberNodes,nodeCoordinates,D,thickness); 

 
Step 4: Imposition of essential boundary conditions of the problem. 

Step 5: Solution of the assembled equations and obtain the global displacements . 

 
% solution 
displacements=solution(GDof,prescribedDof,stiffness,force); 
  
% output displacements 
outputDisplacements(displacements, numberNodes, GDof); 
 

 
Notice that the function solution.m remains the same for 1D and 2D problems! This again 
echoes our early derivation conclusions on finite element formulation (see the paragraph after 
(3.50)). 
 
The outputDisplacements.m is just a formatted printing for displacements. 
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function outputDisplacements... 
    (displacements,numberNodes,GDof) 
 
% output of displacements in tabular form 
 
disp('Displacements') 
jj=1:numberNodes; format 
f=[jj; displacements(1:2:GDof)'; displacements(2:2:GDof)']; 
fprintf('Node           UX           UY\n') 
fprintf('%4d   %10.4e    %10.4e\n',f) 

 
Once we run the script, we get: 
 

Displacements 
Node           UX           UY 
   1   0.0000e+000    0.0000e+000 
   2   0.0000e+000    0.0000e+000 
   3   6.0958e-004    4.1633e-006 
   4   6.6370e-004    1.0408e-004 

 
In comparison with the solutions we had: 
 

 

 
Bingo! 
 
Step 6: Postprocessing of the results. For each element, evaluate the strains and stresses and 

others (post-processing). 
 
We will let you finish this part in Lab …  
 
Using drawingMesh.m, we can also plot the deformed mesh easily: 
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We will again let you finish this part in Lab …  
 
3.9  Four-Node Rectangular Element (Bilinear Rectangle) 
 
We will now develop the four-noded rectangular element. The 4-noded rectangle is the simplest 
quadrilateral (4-sided) element. This element was developed by Argyris and Kelsey almost 
simultaneously to the 3-noded triangle. The rectangular element is not very useful to model 
complicated shapes. It nevertheless serves a prelude to next chapter on isoparametric 
formulation of quadrilateral elements. 
 
As we will observe later, the four-noded rectangular and quadrilateral element often gives 
better approximation of displacements and stresses in comparison with the three-noded 
triangular element (T3). To start the derivations, we will follow again the three-step procedure 
for developing element matrices: 
 
1. Construction of shape functions matrix . 
2. Formulation of the strain-displacement matrix . 

3. Calculation of  and  using 

 and . 
 
3.9.1 Construction of shape functions matrix  
 
A rectangular element with dimensions  is shown in the figure below (all interior 
angles are ) with corner nodes 1–4 (labeled counterclockwise), respectively. 
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Although we can go ahead and establish the derivations in physical coordinates, the derivations 
are much easier if we choose a parent coordinate system . A biunit parent coordinate 
system (ξ, η) with its origin located at the centre of the rectangular element is defined. For each 
element, these parent coordinates are related to the physical coordinates by a simple translation 
and scaling.  
 

 
 

Denoting the physical coordinates of the element centroid by  we have the following 

mapping relationship between physical and parent coordinates: 
 

(3.70)  
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Note that with this change of variables 
 

(3.71)  

 
Remarks:  
1. Equations (3.70) and (3.71) define a very simple coordinate mapping between physical 

and parent coordinate systems for rectangular elements. This mapping will be more 
involved for a quadrilateral element shown in next chapter.  

2. The use of parent coordinates will make the construction of the shape functions and 
evaluation of the matrix integrations very much easier by Gauss quadrature. This kind of 
coordinate mapping technique is one of the most often used techniques in the FEM. It 
is extremely powerful when used for developing elements of complex shapes. 

 
As there are two DOFs at a node, a rectangular element has a total of eight DOFs. The 
displacement field is approximated by: 
 

(3.72a)   

 
(3.72b)  

 

As the element has four nodes, it is necessary to start with a polynomial expansion that has four 
parameters. Obviously, if we restrict ourselves to polynomial expansions, the additional term 
should come from the third row of the Pascal triangle.  
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Q: Which of the three terms in the third row should be selected and why?  
A:  
 
 

The shape functions  will be constructed by the tensor product method. 

This approach is based on taking products of lower dimensional shape functions and exploiting 
the Kronecker delta property of shape functions. 
 

 
 

For example,  can be obtained from the product of one-dimensional  and 

.  

 

 

 

Q: Does  have the Kronecker delta property for the four-node rectangular elements? 

A: 
 

Q: What are the shape functions  by inspection? 

A: 
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Again Equation (3.73) should be called a bilinear shape function to be exact, as it varies 
linearly in both the ξ and η directions. It varies quadratically in any direction other than these 

two ξ and η directions. Denoting the parent coordinates of node i by , the bilinear shape 

function  can be re-written in a concise form: 

 

(3.74)   

 
3.9.2 Construction of strain-displacement matrix from shape functions matrix  
 
Using the same procedure as for the case of the triangular T3 element, we can obtain the strain-
displacement matrix : 
 

(3.75a)    

 
Q: write the matrix form for (3.75a). 
A: 
 
 
 
 
 
 

(Derivation Exercise) Derive  from  matrix for the bilinear rectangular element 

from the above 
(Answer) 
 
 
 
You can derive all the terms for  matrix and obtain the following: 
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(3.76)  

 
Remark: 
It is now clear that the strain-displacement matrix for a bilinear rectangular element is no longer 
a constant matrix. This implies that the strain, and hence the stress, within a linear rectangular 
element is not constant. 
 
3.9.3  Construction of element matrices 
 
The element stiffness matrix can be obtained from (3.47): 
 

(3.77)   

 
For this simple bilinear rectangular element, it is possible to obtain a closed form for the 
element stiffness matrix by carrying out the integration analytically. As the coordinate 
mapping between physical and parent coordinate systems is more involved (as we shall see in 
the quadrilateral element in next chapter), we will need two-dimensional Gauss Quadrature 
directly extended from 1D. 
 
The element external force matrix of a rectangular element with a thickness t consists of two 
terms: one from the body forces and the other from the tractions: 
 

-  due to body forces ( ) 

 

(3.78)   

We can carry out this by numerical integration. For constant body forces and linear body 
forces, we can derive the integration analytically. For constant distributed body force, 

 in which  and  are constant values, we have: 
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Following similar process as we did in T3 element, we can find every node has  

from the constant body force. 
 

-  due to tractions ( ) 

(3.79)  

 
Again this will follow what we did in T3 element. 
 
3.9.4  Gauss Quadrature in Two Dimensions 
 
Recall the Gauss Quadrature in 1D  
 

 

in which  are weights and  are the integration points (Gauss points). The  is the 

number of Gauss points. For two-dimensional integrations, the Gauss integration is sampled in 
two directions, as follows: 
 

(3.80)    

 
Thus, the integral is evaluated numerically by a double summation, using the same weights and 
quadrature points as in one-dimensional quadrature. The figure below shows integration points 
in a square region. 
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Q: Express the element stiffness matrix (3.77) in terms of Gauss quadrature. 
A: 
 
(3.81)   
 
 
Q: If we assume a constant constitutive matrix, how many integration points do we need to 
obtain the exact solution of the element stiffness matrix for the rectangular element (3.75)? 
A: 
 
 
 
 
3.9.5  Stress Calculations 
 
We can determine the stresses in each element by recalling (3.20) and (3.43):  
 
(3.20)  

(3.43)  

 
 
More sophisticated procedure to determine more accurate stresses from Gauss points will be 
elaborated in the next chapter. 
 
3.10 Programming Finite Element in 2D: Four-Node Rectangular Element 
 
We are now ready to implement rectangular elements to solve 2D linear elasticity problems (or 
second-order partial differential equations). The basic steps involved in the finite element 
analysis of a typical problem remain the same:  
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Step1: Discretization of the given domain into a collection of preselected finite elements. We 
thus construct the finite element mesh of preselected elements. 

Step 2: Derivation of element equations for all typical elements in the mesh. For each element, 
compute stiffness matrix , and force vector . 

Step 3: Assembly of element equations to obtain equations of the whole problem . 
Step 4: Imposition of essential boundary conditions of the problem. 

Step 5: Solution of the assembled equations and obtain the global displacements . 

Step 6: Postprocessing of the results. For each element, evaluate the strains and stresses and 
others (post-processing). 

 
Let us consider the same thin plate subjected to the surface traction shown below as we did for 
T3. We would like to determine the nodal displacements and the element stresses using two Q4 

elements instead of two T3 elements. The plate thickness , , and 

. 
 

 

 

 
 
The finite element mesh consisting of two rectangular elements is shown in the Figure above. 
Instead of fixing the boundary, we now allow node 4 to move in the y-direction. Thus, we have 
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a simple analytical solution for the axial strain and displacement: 
 

 

 
MATLAB Implementation 
 

% A Thin Plate Subjected to Uniform Traction 
% Rectangular Element Implementation 
% 2 elements 
% clear memory 
clear all;  
clc; 
close all; 
 
% materials 
E  = 30e6;     poisson = 0.30;  thickness = 1; 
 
% matrix D for plane stress 
D=E/(1-poisson^2)*[1 poisson 0;poisson 1 0;0 0 (1-poisson)/2]; 
  
% preprocessing 
% numberElements: number of elements 
numberElements = 2;  
% numberNodes: number of nodes 
numberNodes = 6; 
% coordinates and connectivities 
elementNodes=[1 2 5 4; 2  3 6 5]; 
nodeCoordinates=[0, 0; 15, 0; 20 0; 0 10; 15 10; 20 10]; 
drawingMesh(nodeCoordinates,elementNodes,'Q4','k-o'); 
 
% GDof: global number of degrees of freedom 
GDof = 2*numberNodes;  
 
% boundary conditions  
prescribedDof = [1 2 7]'; 
% force vector  
force = zeros(GDof,1); 
force(5) = 5000;  
force(11) = 5000; 
 
% calculation of the system stiffness matrix 
stiffness = formStiffnessRec(GDof,numberElements,... 
    elementNodes,nodeCoordinates,D,thickness); 
 
% solution 
displacements = solution(GDof,prescribedDof,stiffness,force); 
 
% output displacements 
outputDisplacements(displacements, numberNodes, GDof); 
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M = max(max(nodeCoordinates)-
min(nodeCoordinates))/max(abs(displacements))*0.1; 
% reform displacement vector to fit nodeCoordinates 
disp = vec2mat(displacements,2)*M; 
hold on 
drawingMesh(nodeCoordinates+disp,elementNodes,'Q4','r--'); 

 
The displacements are (bingo!): 
 

Displacements 
Node           UX           UY 
   1   0.0000e+00    0.0000e+00 
   2   5.0000e-04    -3.2903e-19 
   3   6.6667e-04    -5.4760e-19 
   4   0.0000e+00    -1.0000e-04 
   5   5.0000e-04    -1.0000e-04 
   6   6.6667e-04    -1.0000e-04 

 

 
 
Most of the goodies are hidden in the function formStiffnessRec and its related functions. 
We will go through them below. Notice that those highlighted in black are functions and those 
highlighted in blue are booking keeping heuristic of finite elements or MATLAB. 
 

function stiffness=formStiffnessRec(GDof,numberElements,... 
    elementNodes,nodeCoordinates,D,thickness) 
 
% compute stiffness matrix 
% for plane stress rectangular elements 
 
stiffness=zeros(GDof); 
 
% 2 by 2 quadrature 
[gaussWeights,gaussLocations]=gauss2d('2x2'); 
 
for e=1:numberElements                            
  numEDOF = 8; 
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  elementDof=zeros(1,numEDOF); 
  for i = 1:4 
      elementDof(2*i-1)=2*elementNodes(e,i)-1; 
      elementDof(2*i)=2*elementNodes(e,i);    
  end 
  % 
  % THIS IS A HACK: we assume node 1 and node 2 align  
% with x-axis and node 2 and node3 align with y-axis 

  % 
  a = 0.5*abs(nodeCoordinates(elementNodes(e,2),1) - 
nodeCoordinates(elementNodes(e,1),1)); 
  b = 0.5*abs(nodeCoordinates(elementNodes(e,3),2) - 
nodeCoordinates(elementNodes(e,2),2)); 
  % cycle for Gauss point 
  for q=1:size(gaussWeights,1)                       
    GaussPoint=gaussLocations(q,:);                                                      
    xi=GaussPoint(1); 
    eta=GaussPoint(2); 
     
% shape functions and derivatives 
    [shapeFunction,naturalDerivatives]=shapeFunctionQ4(xi,eta); 
    XYderivatives(1,:) = 1/a * naturalDerivatives(1,:); 
    XYderivatives(2,:) = 1/b * naturalDerivatives(2,:); 
  
%  B matrix 
    B=zeros(3,numEDOF); 
    B(1,1:2:numEDOF)  = XYderivatives(1,:);         
    B(2,2:2:numEDOF)  = XYderivatives(2,:); 
    B(3,1:2:numEDOF)  = XYderivatives(2,:); 
    B(3,2:2:numEDOF)  = XYderivatives(1,:); 
     
% stiffness matrix 
    stiffness(elementDof,elementDof)=... 
        stiffness(elementDof,elementDof)+... 
        thickness*a*b*B'*D*B*gaussWeights(q);     
  end   
end     
 

 
gauss2d.m 

   function [weights,locations]=gauss2d(option) 
    % Gauss quadrature in 2D 
    % option '2x2' 
    % option '1x1'  
    % locations: Gauss point locations 
    % weights: Gauss point weights 
         
    switch option 
        case '2x2' 
     
        locations=... 
          [ -0.577350269189626 -0.577350269189626; 
             0.577350269189626 -0.577350269189626; 
             0.577350269189626  0.577350269189626; 
            -0.577350269189626  0.577350269189626]; 
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        weights=[ 1;1;1;1];  
     
        case '1x1' 
         
        locations=[0 0]; 
        weights=[4]; 
    end 
  
    end  % end function gauss2d 

 
shapeFunctionQ4.m 

% .............................................................      
    function [shape,naturalDerivatives]=shapeFunctionQ4(xi,eta) 
 
    % shape function and derivatives for Q4 elements 
    % shape : Shape functions 
    % naturalDerivatives: derivatives w.r.t. xi and eta  
    % xi, eta: natural coordinates (-1 ... +1) 
    
    shape=1/4*[ (1-xi)*(1-eta), (1+xi)*(1-eta), ... 
            (1+xi)*(1+eta), (1-xi)*(1+eta)]; 
    naturalDerivatives=... 
           1/4*[-(1-eta),  1-eta, 1+eta, -(1+eta);  
                -(1-xi), -(1+xi),  1+xi,  1-xi]; 
 
    end % end function shapeFunctionQ4 

 
3.10  Concluding Remarks  
 
This chapter has presented the basic concepts for the analysis of 2D solids with the FEM. The 
steps followed in the formulation of the kinematic variables, the strain and stress fields, the 
equilibrium expressions via the strong and weak forms. The particular form of element stiffness 
matrices and element external force matrices for the 3-noded linear triangle (T3) and the 4-
noded rectangle have been given. 
 
The derivation of higher order triangular and quadrilateral elements of arbitrary shape requires 
a systematic procedure to obtain the shape functions, the use of an isoparametric formulation 
and numerical integration. These topics will be studied in the next chapter. 
 
 
 


