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ID| Section |Area (m? El;nsc:?cu(héz ﬁ;z) lh:gr?:?tm?; r(cm) | Sc(em® | D(cm) [t(cm)
1|P16X2 0.000124 2.00E+10[ 6.07E-09 0.7 0.56 21.7 2
2|P20X2 0.000158 2.00E+10[ 1.26E-08 0.89 0.93 27.2 2
3|P20X2.3 0.00018 2.00E+10 1.41E-08 0.88 1.03 27.2 2.3
4|P25X2.3 | 0.000229 2.00E+10| 2.89E-08 1.32 1.7 34 2.3
5|P32X2.3 | 0.000292 2.00E+10| 5.97E-08 1.43 2.8 42.7 2.3
6|P40X2.3 | 0.000335 2.00E+10| 8.99E-08 1.64 3.7 48.6 2.3
7|P40X2.8 | 0.000403 2.00E+10| 1.06E-07 1.62 4,36 48.6 2.8
8|P50X2.3 | 0.000421 2.00E+10[ 1.78E-07 2.06 5.9 60.5 2.3
9|P40X3.2 | 0.000456 2.00E+10| 1.18E-07 1.61 4.86 48.6 3.2

10|P50X3.2 | 0.000576 2.00E+10[ 2.37E-07 2.03 7.84 60.5 3.2

11|P65X2.8 | 0.000647 2.00E+10| 4.37E-07 2.6 11.5 76.3 2.8

12|P50X4 0.00071 2.00E+10{ 2.85E-07 2 9.41 60.5 4

13|P65X3.2 | 0.000735 2.00E+10| 4.92E-07 2.59 12.9 76.3 3.2

14|P80X2.8 | 0.000759 2.00E+10| 7.07E-07 3.05 15.9 89.1 2.8

15/P80X3.2 | 0.000864 2.00E+10| 7.98E-07 3.04 17.9 89.1 3.2

16|P90X3.2 | 0.000989 2.00E+10[ 1.20E-06 3.48 23.6 101.6 3.2

17|P100X3.2| 0.001117 2.00E+10] 1.72E-06 3.93 30.2 114.3 3.2

18{P90X4 0.001226 2.00E+10{ 1.46E-06 3.45 28.8 101.6 4

19|P125X3.6| 0.00154 2.00E+10{ 3.57E-06 4.82 51.1 139.8 3.6

20|P100X4.5| 0.001552 2.00E+10[ 2.34E-06 3.89 41 114.3 4.5

21|P125X4 | 0.001707 2.00E+10[ 3.94E-06 4.8 56.3 139.8 4

22|P125X4.5| 0.001913 2.00E+10[ 4.38E-06 4.79 62.7 139.8 4.5

23|P150X4.5| 0.002272 2.00E+10[ 7.34E-06 5.68 88.9 165.2 4.5

24|P150X5 | 0.002516 2.00E+10| 8.08E-06 5.67 97.8 165.2 5

25|P125X6 | 0.002522 2.00E+10] 5.66E-06 4.74 80.9 139.8 6

26|P200X4.5| 0.002994 2.00E+10| 1.68E-05 7.49 155 216.3 4.5

27|P150X6 | 0.003001 2.00E+10| 9.52E-06 5.63 115 165.2 6

28|P200x5.8 | 0.003836 2.00E+10[ 2.12E-05 7.45 197 216.3 5.8

29|P200X7 | 0.004603 2.00E+10| 2.52E-05 7.4 233 216.3 7.
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ABSTRACT

To simulate a building structure by finite element
method, the connection in the simulation depends on
element types. Most 2-D structural analysis software
provides two element types; frame and truss elements, to
simulate plane frame and plane truss respectively. As
both elements are separately implemented into two
modules, there are inconvenient for improving and
debugging the software. The paper proposes a new
technique to simulate both plane frame and plane truss
structures by using only frame element. Since two types
of structure simulation are integrated into single element,
time and effort to implement the software is reduced.

Keywords: Structure Simulation, Code Numbers

1. INTRODUCTION

In traditional technique for simulating plane frame
and plane truss structures by finite element method,
software is composed of two modules; truss and frame
simulation modules [1-5]. Each module is implemented
for simulating each type of the structure; plane frame and
plane truss structures. The difference of simulation
between plane frame and plane truss structures is the
connection in the structure. The connection employed in
the simulation is in accordance as the module used for
simulation. The truss simulation module simulates the
connection in the structure as hinged connection, while
the frame simulation module simulates connections in the
structure as rigid connection. Figure 1 describes how the

traditional software works.
Input

shape data

Truss Module /

P4 N\

Output Output
o~ Rigid connection

A Hinged connection A

Frame Module

All connections are All connections are
simulated as hinge simulated as rigidity

Fig.1: The traditional technique

To simulate by using traditional technique, user has
to input the shape of the structure, and then choose a
simulation module. The module has to be selected based
on type of connection the user wants to simulate. For
example, if the user wants to simulate the structure as
plane truss, of which all connections in the structure are
hinged connection, the plane truss simulation module is
selected. On the other hand, if the user wants to simulate
the structure as plane frame, the plane frame module is
selected instead.

Since the conventional simulation technique for the
plane frame and plane truss structures composes of two
modules, improving and debugging these modules are
performed separately. This paper proposes a new
simulation technique that requires only one module for
simulating both plane frame and plane truss structures.
By this technique, time and effort of improving and
debugging structural analysis software is reduced. In next
section the convention technique is described, and then
the new technique is illustrated later.

2. SIMULATION PROCESS

This section reviews the process of simulation by
finite element method. Simulation process of this method
can be divided into two parts. The first part forms while
the second part solves the equation. The equation used for
structure simulation is defined as.

[Q] =[K] [D] (1
Where

[Q] is structural external force matrix,
[K] is structural stiffness matrix and
[D] is structural displacement matrix

The above equation shows the relationship between
force and displacement of a structure. Structural stiffness
matrix [K] is a constant matrix used to link the
relationship between forces and displacements. To form
the equation [1,3-5], structure is divided into finite
element called member as shown in Figure 2. Each
member has a private stiffness matrix [k], called member
stiffness matrix, which is calculated from properties of
the member. These member stiffness matrices are
combined to be a structural stiffness matrix [K] according



to code numbers [1]. These code numbers are generated
by the algorithm, called nodal numbering scheme.

Member 2

(k4] [ks]

©®
3
E
[T
=

Member 1

\/
[Q] = [K]ID]

Fig.2: Equation performing

To implement the software, software is divided into
two modules; truss and frame modules. Both modules
have similar process, but they are different in type and
size of element matrix. To integrate simulating ability
from two modules, a new technique uses only element
matrix of frame and redesigns nodal numbering scheme.
However, in the other steps, the conventional process is
still employed. Redesigning this scheme follows up the
relationship between connection and code number. This
relationship shall be described after reviewing the
traditional nodal numbering scheme.

3. THE TRADITIONAL NODAL NUMBERING
SCHEME

In traditional nodal numbering scheme, code number
of a member is referred from nodes, and the member
exists in two nodes. The scheme will generate code
number for every node in x, y and z directions. Then the
member refers to both nodes at its edge for code numbers.

zZ Z
Y, ?\ : thh\.z
I — X1 —b-x2
Node 1 Member A Node 2
m
2
E
s z
Y,f‘\ﬂ
—=X,
Noden

Fig.3: Traditional nodal numbering scheme

The algorithm for generating code numbers for every
node is presented as follows:

Define

n is a node,

X, is a code number in x-axis of node n,

Y, is a code number in y-axis of node n and
Z, is a code number in z-axis of node n
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1. Assign ordering number to all nodes.
2. Code number =0
3. For all node
Code number = Code number + 1
Xn = Code number
Code number = Code number + 1
Yn = Code number
Code number = Code number + 1
Zn = Code number
End loop

This algorithm is simple but it is used for only one
type of the structure. It is noteworthy that the amount of
code numbers in each node is always equal to three
degrees, and values of these code numbers involve
connecting members together. This relationship is
described in the next section, and it will leads to a new
idea for generating code numbers.

4. RELATIONSHIP BETWEEN CONNECTION
AND CODE NUMBER

Code number represents a direction of force or
displacement in a structure. To get the force-displacement
equation matrix of structure, Code number is referred for
forming many minor force-displacement equations in
each direction of each member. Each minor force-
displacement equation is the relationship between
external force and internal force of all members that are
connected and transferred in each code numbers direction
(1]. To form these equations using code numbers,
relationships between characteristic of connection and
code number are given below:

1. Direction, of which members are connected and
transferred together, will use the same code number.

2. Direction, of which member are connected and not
transferred together, will use a different code number.

As members connected by either hinged connection
or rigid connection always transfer together in x and y
directions, these members will share a code number in
these directions. On the other hand, in z direction,
rotating of members connected together depends on the
connected member data. Hence generating code numbers
will be determined by characteristic of connection. These
specifications lead to a new idea of generating the code
numbers. The idea is described below.

1. The conventional frame programming model will
be redesigned in process of generating code numbers.

2. A new algorithm is created to support the model
and to generate code numbers for each node of member
according to these constrains,

In x and y directions
- If members are connected together, they will use
the same code number.



In z direction

- If members are connected by rigid connection, they
will use the same code number in z direction.

- If members are connected together, but they
independently rotate, they will use the different code
numbers in z direction.

It is more convenient to implement the software if
these constrains are rewritten as an algorithm, which is
described in the next section.

5. THE NEW NODAL NUMBERING SCHEME

The new algorithm generates code numbers based on
characteristic of connections in a structure. An amount of
code numbers in each node is not a constant. It varies in
accordance characteristic of connected members in each
node. This new algorithm is called “Dynamic Nodal
Numbering Scheme”. Generating code numbers by new
scheme is created in order of a member instead of a node
(Figure 4). Each member consists of two nodes; a
beginning node and an ending node. An extreme node is
identified by the head of the black arrow in the middle of
the member. Each node has three degrees of freedom or
three code numbers for X, y and z axes. Code numbers are
assigned for each member at the beginning node and then
the ending node as the following algorithm.

Zpa Zpa
YA-I?\' Ya-zf\‘
: — XAl — Xa2
s Zg.
Member A Yia ?\
/M — X1
2
: '
Zg
|| Yo N
—=Xp2

Fig.4: Dynamic nodal numbering scheme

Define,

m is a member,

X1 is a code number in x-axis of the beginning node
of the member m

Y .1 is a code number in y-axis of the beginning node
of the member m

Z.. is a code number in z-axis of the beginning node
of the member m

X2 is @ code number in x-axis of the ending node of
the member m

Y.z is a code number in y-axis of the ending node of
the member m

Zu2 is a code number in z-axis of the ending node of
the member m

1. Assign order number to all members.
2. Code number = 0
3. For all member
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If the beginning node already exists then
X1 = Code number in x-axis from the an
existing node
Y1 = Code number in y-axis from the an
existing node

If the structure is simulated as plane frame
Z...1 = Code number in z-axis from the
existing node

Else
Code number = Code number + 1
Z 1= Code number

End if

Else
Code number = Code number + 1
Xm-1= Code number
Code number = Code number + 1
Y .1 = Code number
Code number = Code number + 1
Zm1= Code number

End if

If an ending node already exists then
Xm2 = Code number in x-axis from the an
existing node
Y2 = Code number in y-axis from the an
existing node

If the structure is simulated as plane frame
Z.n.2 = Code number in z-axis from the
an existing node

Else
Code number = Code number + 1
Zm2 = Code number

End if

Else

Code number = Code number + |

X n2 = Code number

Code number = Code number + 1

Y 2 = Code number

Code number = Code number + 1

Z 2= Code number

End if
End loop

6. GENERATING CODE NUMBER FOR PLANE
FRAME SIMULATION

This section illustrates how to generate code numbers
following the new scheme for plane frame. A sample
plane frame structure is shown in Figure 5, of which all
connections are rigid connection. Generating this
structure starts at member A in the beginning node and
then ending node, i.e. Nodes 1 and 2, in X, y and z
directions in order. Since the beginning node and ending
node of member A do not exist, all code numbers are
created newly from numbers 1 to 6. Next, code numbers
are generated for member B at the beginning node and the
ending node; Nodes 2 and 3. Because the beginning node
of member B is connected as rigid connection to the
ending node of member A, of which code numbers are



already generated, so code numbers in x and y axes of the
beginning node of member B are copied from the ending
node of member A. In z axis, member A and member B
are connected by rigid connection. They rotate
concurrently. So, the code number in z direction of
member B is copied from member A. Afterward, code
numbers are created for the ending node of member B. As
the result, the code numbers for ending node of member
B never exist; code numbers are refreshed from 7 to 9.
The next section shows the code number generation for
plane truss.

3 6
2 4N 5 40N
?—"I T_‘_ 4 Node 2
[ — 6
Member A 5 T\
Node 1 m — 4
2y
5
9
8 T\‘l
- —_— ?
Node 3

Fig.5: Code numbers for the plane frame

7. GENERATING CODE NUMBER FOR PLANE
TRUSS SIMULATION

This section shows an example that illustrates how to
generate code numbers for a plane truss structure by the
new nodal numbering scheme. The example is shown in
Figure 6. The freely rotating structure has two elements,
connected by a hinged connection at Node 2.

3 6
2 4\ 54N
1___1 1 , Node2
C p— () 7
Member A 5 ?\ﬁ
Node 1 m = 5y
2y
=
ﬁ 10
9 1\
A —_— 8
Node 3

Fig.6. Code number for plane truss

Code number generating are started at the beginning
node and ending node of member A. These nodes are
Nodes 1 and 2. Since Node 1 does not connect to any
other member, and the code numbers for Node 2 are not
yet generated, code numbers are generated newly for the
beginning node and ending node of member A (from 1 to
6). Then code numbers are generated for member B. As
the beginning node of member B connects to the ending
node of member A, code numbers in x and y axes are
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copied from the existing node. These code numbers are 4
and 5 respectively. As the structure is simulated as plane
truss, a code number for the beginning node of member B
in z direction is generated newly as 7. Then new code
numbers are created for the ending node of member B. As
this node does not connect to any other member, the code
numbers in X, y and z axes are 8, 9 and 10.

8. CONCLUSIONS

This paper proposes a new technique which allows
plan truss and plane frame structures to be simulated by
using only frame elements. A new model is created by
improving the conventional plane frame simulation
method by redesign of the algorithm in code number
generation process. A new scheme of automatic nodal
numbering, called Dynamic Nodal Numbering Scheme, is
proposed for supporting the new programming model in
generating the code number process. The new technique
uses a strategy, which has only frame module and can
manipulate both types of structure. So, the new technique
reduces software developing, debugging and expanding
time while increases the simulation flexibility.

As the new technique can simulate only plane truss
and plane frame structures, which consist of only two
types of connection; rigid and hinged connection, we are
planning to improve the nodal numbering scheme for
simulating a structure consisting of various formats of
connection in the future.
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[4] Saeed Moaveni, Finite Element Analysis, Prentice-
Hall, United States of America, 1999.

[5] William Weaver,Jr. and James M. Gere, Matrix
Analysis of Framed Structures, Chapman & Hall,
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A Nodal Numbering Algorithm for 2D Structural
Simulation

Alongkorn Lamom and Wanchai Rivepiboon, Non-members

ABSTRACT

This paper proposes the new algorithm, called
Dynamic Nodal Numbering Scheme, for generating the
code numbers. Code numbers are used to formulate
equations for structural simulation by the finite element
method. In the traditional technique, developing the 2D
structural analysis software provides two element types:
frame and truss elements. These two elements are used to
simulate plane frame and plane truss structures
respectively. Connection types of structural simulation
depend on element types. Using the new algorithm, only
the frame element is required while the capabilities of
simulation are not different. Since two types of structural
simulation are integrated into a single element type, time
and effort to implement and debug the software are
reduced. At the end of this paper, the algorithm
comparisons are shown. It is found that both algorithms
have the same complexity of O(n). The proposed
algorithm has an advantage over the traditional one when
it comes to the problem that consists of many non —
closed loop structures. For the plane truss structure, it is
reported that the proposed algorithm generates more
degrees of freedom than the traditional algorithm. This
disadvantage is compensated by report resulting in z axis,
using rotation in z axis to draw deflection curve by
double integration method which is more computationally
effective than the traditional technique to which many
nodes are added.

Keywords: Structural Simulation, Code Numbers

1. INTRODUCTION

In the traditional technique for developing a
structural analysis software to simulate plane frame and
plane truss structures by the finite element method, the
software is comprised of two components: truss and
frame simulation modules [1-5] as shown in figure 1.
Each module provides one element type, truss element or
frame element, for simulating plane truss and plane frame
structures, respectively. The types of connections are
simulated according to the modules employed. The truss
simulation module simulates all connections in the
structure as hinged connection, while the frame
simulation module simulates all connections in the

The authors are with Software Engineering Laboratory, Department of
Computer Engineering, Chulalongkorn University, Bangkok 10330
Thailand. E-mail: alongkorn_lamom@hotmail.com and
wanchai. R@chula.ac.th

structure as rigid connection. As a result, the traditional
technique has to provide two modules for simulating each
type of a structure. There are many processes that are
implemented in each module. It is not convenient for
coding, debugging and extending the software.

Input

shape data

Truss Module / \ Frame Module
5 N

Qutput

(1) Rigid connection —s{ )

A ptomenn 1R

I__I ki 1
All connections are All connections are
simulated as hinge simulated as rigidity

Fig.1: The traditional technique

Although the software implemented by the
traditional technique contains two modules, both modules
have similar processes, forming and solving equations, as
shown in figure 2. There are a few differences in minor
processes of forming equations, for example, sizes of
member matrices of each module are not equal, and
numbers of degrees of freedom and code number [6] per
node are different. In this new technique, we found that
there are direct relationships between code numbers and
behaviors of connections. If degrees of freedom of each
node can be adjusted according to the characteristics of
connections, only one element type which is a frame
element is required.

'

—» 1. Creating member matrices
Forming Equations —» 2. Generating code numbers

— 3 Forming structural matrices

v
| Solving Equations |
¥

Fig.2: Simulation processes




After the traditional technique had been proposed,
there were some techniques proposed to handle code
numbers to reduce the matrix bandwidth [7-8]. However,
there has not been a technique for generating code
numbers which can reduce cost, effort, and time of
software development. It is one of the most important
factors of software development.

This paper proposes the new algorithm for generating
code numbers which are used to formulate structural
equations. Using the new algorithm, the frame element
supports the simulation of both plane frame and plane
truss structures. Time, cost and effort of improving and
debugging the structural analysis software are reduced.
The new algorithm can also be applied with slight
changes in the traditional technique. In the next section,
the conventional technique will be illustrated and
described followed by the detailed explanation of the new
technique. In the last section of this paper, comparisons
between the traditional and the new nodal numbering
algorithms will be analyzed and discussed.

2. SIMULATION PROCESS

This section reviews the process of simulation by the
finite element method. Simulation process of this method
can be divided into two parts. The first part forms while
the second part solves the equation. The equation used for
a structural simulation is defined as:

[P]=[S] [d]
where

[P] is a structural external force matrix,
[S] is a structural stiffness matrix and
[d] is a structural displacement matrix

The above equation shows the relationship between
force and displacement of a structure. The structural
stiffness matrix [S] is a coefficient matrix used to link the
relationship between forces and displacements. To form
the equation [1,3-5], the structure is divided into finite
elements called members as shown in figure 3.

Member 2
[K:]
2 2
i f 5l i
(P1=[8]ld]
Fig.3: Equation forming

Each member has a private stiffness matrix [K]
called member stiffness matrix in global axis which is
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calculated from properties of the members. These
member stiffness matrices are combined to be the
structural stiffness matrix [S] according to code numbers
[1]. These code numbers are generated by the algorithm
called nodal numbering scheme.

To implement the structural analysis software, it is
divided into two modules: truss and frame modules. Both
modules have similar process, but they are different in
type and size of element matrix. To integrate simulating
abilities from two modules, the new technique uses only
the element matrix of frame and redesigns the nodal
numbering scheme. However, in the following steps, the
conventional process is still employed. Redesigning this
scheme follows up the relationship between connection
types and code numbers. This relationship will be
described after reviewing the traditional nodal numbering
scheme.

3. THE TRADITIONAL NODAL NUMBERING
SCHEME

In the traditional nodal numbering scheme, code
numbers of a member are referred from nodes, and the
member exists between two nodes. The scheme will
generate code numbers for every node in X, y and z
directions. Then the member refers to both nodes at its
edge for code numbers.

Z Zy
iy 5y
L —~% —X,
Node1 Member A Node 2
(as]
g
£
= z
Y,,1\'
—=X,
Node n

Fig.4: The traditional nodal numbering scheme

The algorithm for generating code numbers for every
node is presented as follows:

Define

n is a node,

X, is a code number in x-axis of node n,

Y, is a code number in y-axis of node n and
Z. is a code number in z-axis of node n

1. Assign ordering number to all nodes.
2. Set code number = 0
3. For all nodes
Code number = Code number + 1
X, = Code number
Code number = Code number + 1
Y, = Code number
Code number = Code number + 1
Z, = Code number
End loop



This algorithm is simple but is used only for one type
of structure. It is important to note that the number of
code numbers at each node is always equal to three
degrees, and values of these code numbers involve
behaviors of a member connection. This relationship is
described in the next section, and, as a result, it will lead
to a new idea for generating code numbers.

4. RELATIONSHIPS BETWEEN CONNECTION
TYPES AND CODE NUMBERS

A code number represents a direction of force or
displacement at node in a structure. To formulate the
force-displacement equation matrix of a structure, code
numbers are needed to form many minor force-
displacement equations. Each minor force-displacement
equation is the relationship between external force and
displacement in each direction at node from all members
that are connected [1]. To form these equations using
code numbers, relationships between characteristics of
connections and code numbers are given below:

1. Direction, of which members are connected and
transferred together, will use the same code number.

2. Direction, of which members are connected and
not transferred together, will use a different code number.

As members connected by either hinged connection
or rigid connection always transfer together in x and y
directions, these members will share a code number in
these directions. On the other hand, in z direction, the
rotation of members connected together depends on the
connected member data. Hence generating code numbers
will be determined by characteristics of connections.
These specifications lead to the new idea of generating
the code numbers. The idea is described below.

1. The conventional frame programming model will
be redesigned in process of generating code numbers.

2. A new algorithm is created to support the model
and to generate code numbers for each node of members
according to these constraints.

In x and y directions
- If members are connected, they will use the same
code number.

In z direction

- If members are connected by rigid connection, they
will use the same code number in z direction.

- If members are connected, but independently rotate,
they will use the different code numbers in z direction.

These relationships are used to create the new
algorithm for generating code numbers. Before the new
algorithm is proposed, these relationships will be proved
first in the next section.

5. FORMING OF STRUCTURAL EQUATIONS
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In the previous section, the relationships between
connections and code numbers are shown. In this section,
the derivation of these relationships is presented. These
relationships involve using member equations to form
structural equations. The example of forming structural
equations is shown in figure 5. At the end of forming, the
relationships are indicated.

The structural equations, [P] = [S][d] are external
forces-structural displacement relationships, where [P] is
an external forces matrix, [d] is a structural displacement
matrix and [S] is a force-displacement relationship
coefficient matrix called structural stiffness matrix. In this
case, only forming of the structural equation in x-axis of
Node 2 is derived for an easier and better understanding.
Forming equations for other directions uses the same
processes. The equation of this direction is the
relationship between the external force, P4, and structural
displacements in every direction of every node, d, to do,
where S; are coefficient of these relationships, i is a
direction of a force and j is a direction of a displacement.

P;d Pe.ds
Pz’dzf\?‘ ’ Ps,ds ?\‘6
—=hd —>Pyd,
Node1 Member A Node 2
0
1
E
)
=
Node 3
? —»Py,d;
Pg,d
el o

Fig.5: An example structure

In the first step, member equations, [F] = [K][v], are
formulated, where [F] is a member end forces matrix, [K]
is a force-displacement coefficient matrix, called global
member stiffness matrix, and [v] is a displacement matrix
at the end of the member. We can write the member
stiffness relation, [F] = [K][v], in expanded form as

K K, K [| v
s =l ¥ e 2 | )
Fy Ky Kes || ve

Directions of forces and displacements of the member
are always referred as shown in figure 6. Force numbers
are started from x-axis, y-axis and z-axis of the beginning
node, and then the ending node. The beginning node and
the ending node are assigned by the arrow at the middle
of the members.
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Fig.6: Member forces and displacements

Directions of forces and displacements of member A
and B are shown in figure7.
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Fig.7: Member forces and displacements

The force-displacement equations for member A are
the same as equation (1) while equations for member B
are

Ky || vs

=| : " : @)
F, Ky, Koo [ Vo
In the next step, the free body diagram of the
structure is drawn in figure 8.
Then member equations are used to formulate the

structural equations in x-axis on Node 2 by applying them
into equilibrium equations.

2.E =0, 3)

There are three forces in x direction of Node 2, Py,
F,™, F,®. Consequently, a summation of forces is

Zﬁ=a_ﬂ(4)_ﬂ(3), 4)
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Fig.8: Free body diagram of the structure

Substitution of equation (4) into (3) forms a result in
equation (5).

P, = F;{zf) +F;(B), (5)

Substitutions of the equation (1) and (2) into (5) yield
equation (6).

=K£4I'f)vl(d) K(J} (A}+

K(A) (A)_I_K(A) (A)+K(A) (A)+
K(B) (B) K(B) (8) K(B) (B)

B) (B B),. (B
Ki'f)v'(im"'K:a )Vé )+K( ) ( ) (6)

K(A) (A)

Compare figure 5 with figure 7, and convert member
dlsflacements to structural displacements, d, = vi® d,=
QNS T = v® = v ® do=v® =y g =
(A) = Vs(B) d = v?(B), dg = Va(B), dy = Vg(B)_ Then
structural dlsplacements, d, to do, are substituted into
equation (6), equation (7) is obtained as follows.

= KPdy + KPd, + KPd, +
K""d +KPd, +KPd, +
KQd, + K d + Kdg +
KPd, +KDd +Kd, (7

Equation (7) can be derived into a simple form as
equation (8).

K\ d + K d, + K d, +

(K(AJ+K(3))d +(K(A) (B))d i



(KL +KP)ds + KPd, +
K3d, +K)d, @)

Represent K;; in term of S;;, equation (9) is obtained.

Py =84, +Sod, +Syd; +
Syd, +8,5ds + Sydg +
Sardy + Syl + Syedy ®

Consider equation (8) and (9), S;; is a summation of
K;; of member A and member B in the same direction,
where i is a direction of an external force, and j is a
direction of a displacement. Accordingly, S; can be
computed by summation of K;; according to the position.
For example, in Sy = Ky +K ™, the first subscript of
K™ and K™, 4 means a direction of a force in x axis
of Node 2, while in the second subscript, 4 means a
direction of a displacement in x axis of Node 2.
Therefore, forming of S can be established easily by
summation of all Kj; which share the same subscript.
These subscriptions are called code numbers. In the
programming view, the force-displacement coefficients of
a member are kept in the matrix format as shown below

i I(Aa sz I{{’” K‘(A) Ks@o Kém)“
]%w Ig“’ 1%(41 Ig‘"’ I%(zo I%t»n
I(A) Igm 1(;3"” K;“’ K;Sm Ksm

K@= K@ KW K@ KW K@ g
K;I{A) Igz(d) Ig(fi) K»{fﬂ Ig('ﬂ [g(-‘l)
_KSI(A) K;z@ KB(A) K;‘{fﬂ K;s(aﬂ K;sw_
and
B K:“(B} Igs(ﬂ) K;G(B) Ig_}(ﬂ) K“(B} KS(B)_
K;(BJ K_G(B) K;s(m K;.,(B) Ks(ﬂ) K;)(B)
[K](B]z K;”(EJ 1%(8) Kﬁ(ﬂ) &_’(3) ]%(B) I%(B)

]{n(B) me)

[%(BJ I%(b’} 1%(3) 1%{5)
i ]gi(B) &5(3} pr} K;E{EJ

[S] is formulated by summation of [K]) and [K]®
following code numbers. From the equation formulation
technique using code numbers, it was found that forming
the structural stiffness matrix, [S], is a summation of Kj;
in the same directions and same code numbers. Therefore,
whichever members that are connected and transferred
together will use the same code numbers. On the other
hand, whichever members that are connected but not

me KS(B)
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transferred together will use the different code numbers.
These relationships are applied in the new algorithm.

6. THE NEW NODAL NUMBERING SCHEME

The new algorithm generates code numbers based on
characteristics of connections in the structure. The
number of code numbers in each node is not a constant. It
varies in accordance with the characteristics of connected
members in each node. This new algorithm is called
“Dynamic Nodal Numbering Scheme”. In this new nodal
numbering scheme, code numbers are generated
according to a member instead of a node (figure 9). Each
member consists of two nodes: the beginning node and
the ending node. An extreme node is identified by the
head of the black arrow in the middle of the member.
Each node has three degrees of freedom or three code
numbers for x, y and z axes. Code numbers are assigned
for each member at the beginning node and then the
ending node as the following algorithm.

ZA.b Zﬁ#
Yasp ¥ Yaep ¥
- XA.I; = X.Aq
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m _.'XB—II
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!
= Zus
Y B-e f \
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Fig.9: Dynamic nodal numbering scheme

Define,

m is a member,

X b 1S @ code number in x-axis of the beginning node
of the member m

Y b is @ code number in y-axis of the beginning node
of the member m

Znp is a code number in z-axis of the beginning node
of the member m

Xm-e 18 @ code number in x-axis of the ending node of
the member m

Y - is @ code number in y-axis of the ending node of
the member m

Zn is a code number in z-axis of the ending node of
the member m

1. Assign order number to all members.

2. Set code number =0

3. For all members

If the beginning node already exists then

Xmb = Code number in x-axis from the
existing node
Ymbs = Code number in y-axis from the
existing node

If the structure is simulated as plane frame
Z v = Code number in z-axis from the
existing node



Else
Code number = Code number + 1
Z = Code number
End if
Else
Code number = Code number + 1
X s = Code number
Code number = Code number + 1
Y s = Code number
Code number = Code number + 1
Zm»= Code number
End if
If the ending node already exists then
Xme = Code number in x-axis from the
existing node
Y. = Code number in y-axis from the
existing node

If the structure is simulated as plane frame
Zme = Code number in z-axis from the
existing node

Else
Code number = Code number + 1
Z e = Code number

End if

Else

Code number = Code number + 1

Xm-e = Code number

Code number = Code number + 1

Y e = Code number
Code number = Code number + 1
Z .= Code number
End if
End loop

For the new technique, it uses only the frame
element. All of the simulation processes are similar to the
traditional frame simulation except the process of
generating code numbers as shown in figure 2.

Simulation types
(Truss or Frame)

Frame Module

RN
&mmA

All connections are All connections are
simulated as hinge simulated as rigidity

Fig.10: The new technique
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The traditional nodal numbering algorithm for the
frame simulation will be replaced by the new nodal
numbering algorithm. The input data consists of the shape
information and the simulation type information. Code
numbers are generated following the simulation type
information. Other simulation will use the same processes
as the frame simulation, so the new technique has only
the frame module as shown in figure 10. Nevertheless, it
supports the simulation of both types of structures.
Therefore, the new technique is an integration of the
plane frame and plane truss simulations. In the next
section, an example of generating code number for the
plane frame simulation will be presented.

7. GENERATING CODE NUMBERS FOR THE
PLANE FRAME SIMULATION

This section illustrates how to generate code numbers
according to the new scheme for plane frame. The sample
plane frame structure is shown in figure 11, of which all
connections are rigid connections.

3
2?\

Member B
.‘—

8?\9

L _—7

Node 3

Fig.11: Code numbers for the plane frame

Code number generation of this structure starts at
member A in the beginning node and then the ending
node, i.e. Node 1 and Node 2, in X, y and z directions,
respectively. Since the beginning node and the ending
node of member A do not exist, all code numbers are
newly created from numbers 1 to 6. Next, code numbers
are generated for member B at the beginning node and the
ending node; Node 2 and Node 3. Because the beginning
node of member B is connected as rigid connection to the
ending node of member A, of which code numbers are
already generated, so code numbers in x and y axes of the
beginning node of member B are copied from the ending
node of member A. In z-axis, member A and member B
are connected by rigid connection. They rotate
concurrently. So, the code numbers in z direction of
member B is copied from member A. Afterward, code
numbers are created for the ending node of member B. As
a result, the code numbers for the ending node of member
B never exist; code numbers are refreshed from 7 to 9.
The next section will show code numbers generation for
the plane truss structure.



8. GENERATING CODE NUMBERS FOR THE
PLANE TRUSS SIMULATION

This section shows the example that illustrates how
to generate code numbers for the plane truss structure
using the new nodal numbering scheme. The example is
shown in figure 12. The freely rotating structure has two
elements, connected by a hinged connection at Node 2.
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Fig.12. Code numbers for plane truss

Generation of code numbers starts at the beginning
node and ending node of member A. These are Node 1
and 2. Since Node 1 does not connect to any members,
and code numbers for Node 2 are not yet generated, code
numbers are newly generated for the beginning node and
the ending node of member A (from 1 to 6). Then, code
numbers are generated for member B. Since the
beginning node of member B connects to the ending node
of member A, code numbers in x and y axes are copied
from the existing node. These code numbers are 4 and 5
respectively. Because the structure is simulated as the
plane truss, a code number for the beginning node of
member B in z direction is generated newly as 7. Then
new code numbers are created for the ending node of
member B. Since this node does not connect to any
members, code numbers in X, y and z axes are 8, 9 and
10.

9. ALGORITHM COMPARISON

Although the new algorithm uses only one element
type for simulating both types of structures, which
reduces software developing time, there are some issues
that should be considered before using the new algorithm.
The analysis of this algorithm is presented in this section,
which consists of algorithm complexity and resource
usage issues.

9.1 Algorithm Complexity

With regard to the traditional and the new algorithm
that are proposed in the previous section, the complexity
of both algorithms is O(n). It seems to be similar but in
fact it is actually not quite so. n in the traditional
algorithm is the number of nodes while n in the new
algorithm is the number of members. So both algorithms
are suitable for a structure in different cases. We select
two example structures to show how they are different.
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The first example is the structure which consists of five
members connected together as two closed loops shown
in figure 13. The structure has four nodes and five
members. In this case, the traditional algorithm is better
than the new algorithm because cycles of code numbers
generation which follow node are less than those which
follow member.

Node 2 (o) [3) Node 3
Member B

Node 1 (o) Node 4

(o

Fig.13. The first example

The second example, shown in figure 14, has two
members and three nodes.

Member B
(a J
Node 2 Node 3

<
2
=i
o
b=

“~ Node |

Fig.14. The second example

In this case, the new algorithm is better than the
traditional algorithm. From these examples, it was found
that the traditional algorithm is suitable for the structure
that has many closed loops while the new algorithm is
better when the problem consists of many non-closed
loops structures.

However, the number of loops of code number
generating has very little significant for simulating the
real problem. Consider the large structure in figure 15
which has one hundred stories and ten bays. It contains
approximately one thousand nodes and members. It can
be easily dealt with the computing power of the current
computer. In general, most problems in the 2D structural
simulation are usually smaller than this problem.

P t0bay——————
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Fig.15. The large structure example



9.2 Resource Usages and Performance

To simulate a structure, the numbers of degrees of
freedom and code numbers in a structure affect the
number of equations and resource usages. The traditional
technique provides truss and frame elements. The number
of degrees of freedom depends on types of elements and
the number of nodes. Truss element, as shown in figure
15, requires two degrees of freedom per node. These
degrees of freedom consist of x-axis and y-axis. One
degree of freedom in z-axis is neglected. Therefore, total
degrees of freedom of truss structure are 2n, when n is the
number of nodes. There are three nodes in figure 16, so
the total number of degrees of freedom is six.
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Fig.16. Degrees of freedom for truss structure created by
the traditional algorithm

For frame element as shown in figure 17, it requires
three degrees of freedom per node. These degrees of
freedom are x-axis, y-axis and z-axis. Hence, the number
of degrees of freedom for frame structure is 3n, where n
is the number of nodes. In figure 17, there are three
nodes, so the number of degrees of freedom of this
structure is nine.
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Fig.17. Degrees of freedom for frame structure created
by the traditional algorithm

For the new algorithm, the number of degrees of
freedom created for the frame simulation is the same as
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traditional algorithm, but the truss simulation is different.
In this case, the number of degrees of freedom does not
only depend on the number of nodes but is also based on
the number of members.
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E
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Fig.18. Degrees of freedom for truss structure created by
the proposed algorithm

See figure 18, each node composes of two degrees of
freedom, x-axis and y-axis. Each member contains two
nodes. It has an individual degree of freedom in z-axis at
the beginning node and the end node. As a result, the
number of degrees of freedom is two degrees added-up
per member in z-axis at the both end of the member.

In the example, degrees of freedom of number,
1,2,4,5,8 and 9 are created based on node while degrees
of freedom of number 3 and 6 are set up for the member
A, and degrees of freedom of number 7 and 10 for the
member B. Consequently, the number of degrees of
freedom is 2n + 2m, where n is the number of nodes and

m is the number of members.

Table 1: The number of degrees of freedom
generated for a simulation

Traditional Algorithm|New Algorithm

Plane Frame 3n 3n

Plane Truss 2n 2n+2m

Although the new algorithm creates more degrees of
freedom than the traditional algorithm when it is used to
simulate a truss structure, it reports more results in z-axis.
The rotation in z-axis is required to simulate the
deflection curve as shown in figure 19. The problem is
the truss structure in which there is a load act on the
member between Node C and Node B. To find the
deflection curve in members as shown in figure 20 [9] by
the traditional technique of the truss simulation, many
nodes are created between Node C and Node B. It affects
computation time. Using the new technique, it is not
necessary to create nodes between members to find a
deflection curve. Rotations in z axis are used to compute
the deflection curve by double integration method [10-
11]. The deflection curve is smoother, and the
computational efficiency is better. For example, if 100
nodes are added between Node B and C, to draw the
deflection curve using the traditional technique, degrees
of freedom are 200 increased. In case of the new
technique, it is not necessary to add nodes, only the




distance from the node to the position of the deflection
that ones wants to know is required to substitute into the
formula to compute the deflection curve. Moreover, the
new technique reduces cost, time and effort of software
development significantly because it requires only the
frame element for structural analysis software
development.

- m—

"= Hinged connection

Pin support  Roller support

Fig.19. Truss structure with a load at the middle of a
member

Fig.20. Deflection curve of truss structure in figure 19

10. CONCLUSIONS

This paper proposes the new algorithm for the 2D
structural simulation. The new algorithm allows plane
truss and plane frame structures to be simulated by using
only one element type: frame element. This algorithm
generates code numbers, which are used in the structural
formulation processes. The new algorithm is created by
improving the conventional plane frame simulation
method by redesigning the algorithm in code number
generation process. Since the number of code numbers
generated by the new algorithm is changed according to
types of connections in the structure, the new algorithm is
called “Dynamic Nodal Numbering Scheme”. Using the
new algorithm, only the frame element type can
manipulate both types of structures. Therefore, it reduces
effort, time and cost of software developing, debugging
and expanding.

As the new technique can simulate only plane truss
and plane frame structures, which consist of only two
types of connection: rigid and hinged connection, we are
planning to improve the nodal numbering scheme for
simulating the structure consisting of various formats of
connection such as slider connection and hybrid
connection, which is a combination of rigid and hinged
connection, in the future.
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Heuristic algorithm in optimal discrete structural designs
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Abstract: This paper proposes a Heuristic Algorithm for Material Size Selection (HAMSS). It is
developed to handle discrete structural optimization problems. The proposed algorithm (HAMSS),
Simulated Annealing Algorithm (SA) and the conventional design algorithm obtained from a structural
steel design software are studied with three selected examples. The HAMSS, in fact, is the adaptation
from the traditional SA. Although the SA is one of the easiest optimization algorithms available, a
huge number of function evaluations deter its use in structural optimizations. To obtain the optimum
answers by the SA, possible answers are first generated randomly. Many of these possible answers are
rejected because they do not pass the constraints. To effectively handle this problem, the behavior of
optimal structural design problems is incorporated into the algorithm. The new proposed algorithm is
called the HAMSS. The efficiency comparison between the SA and the HAMSS is illustrated in term
of number of finite element analysis cycles. Results from the study show that HAMSS can
significantly reduce the number of structural analysis cycles while the optimized efficiency is not
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different.

Key words: Heuristic algorithm, Steel design, Optimization algorithm

INTRODUCTION

There are many techniques used to handle
structural optimization problem. Deb and Gulati!"
proposed techniques to design truss structures for
minimum weight using genetic algorithm. Shan and
Huanchun® combined two algorithms to handle the
discrete optimization of structures. Chen®™ used the SA
to place active/passive member in truss structures.
Szewczyk and Hajela® incorporated the SA and
counter propagation neural network to perform
structural optimization. Benage and Dhingra’® proposed
three strategies in using the SA to solve single and
multi-obriective structural optimization problems. Chen
and Sul” suggested two methods to improve SA
efficiency in optimal structural designs. Although these
referenced techniques can be used to handle structural
optimization problem, large numbers of finite element
analysis are needed to improve the result. The main
problems of using huge number of finite element
analysis cycles are that many rejected answers are
generated. Consequently, a waste of computer time
occurs.

Although the SA is a simple and quite easy
technique for implementation, there are many function
evaluations needed to find optimal answers in structural
optimization problems. Since possible answers given by
the SA are randomly generated, the percentage of
accepted answers is low. Only answers which pass
constraint checks are kept. Many generated answers, of
course, are rejected because they do not pass
constraints. These constraints, known as filters, involve
member abilities to support both tension load and
compression load. After possible answers are filtered by
constraints, the best answer is searched. A typical

optimization problem is modeled as shown in Fig 1.
Theoretically, the probability to generate a new answer
at the left hand side and right hand side of the current
answer is equal. In structural optimization problems,
however, the typical optimized algorithm can be
modified to reduce the computation time. In this study,
the problem understanding is used to help developing
the new algorithm, the HAMSS. Because the structural
analysis process spends most of the computation time in
optimization process, the HAMSS will reduce the
structural analysis cycles.

Comparison results of the HAMSS, the SA and
Multiframe 4D software with three truss examples are
presented to demonstrate algorithm’s effectiveness at
the end of the paper. The first example is a typical 3 bar
planar truss, the second one is a 26 bar planar truss and
the last one is a 30 bar curvature planar truss.

f(x)
b

’\/\/\‘9"’\/‘

X
Fig. 1. Structural optimization problem
HEURISTIC ALGORITHM

Heuristic searching uses knowledge called heuristic
to improve the searching efficiency. Heuristic will
indicate trend of answers and guide which search route
should be better. To show an overview of this method,

XXXX



the classical problem in heuristic algorithm is
exampled. The traveling salesman problem is shown in
Fig 2. The objective of this example is to discover the
shortest path of salesman’s traveling.

Fig. 2. Traveling salesman problem

As shown in Fig 2!"), there are 7 cities. Salesman
has to go to all cities and comeback to the started city.
The basic method to find the shortest path is generating
all routes that is possible, there are (7-1)!/2 or 360
routes, then measuring distance of each route. A route
which has shortest distance is the best solution.
However, this method is not practically effective when
there are many cities. For example, if 100 cities are
goaled, there are 4.67 x 10'** traveling paths. In this
case, it will take long time to find the optimal answer.

A better method to find the shortest path is to use
the knowledge of problem understanding to guess the
answer. It is obvious that the next selected city for
going should be the nearest city. If the every decisions
of city selection are nearest city from the current city,
the good answer may be investigated. This is an
example of using the knowledge to help solving the
problem. The selected path may not be the best answer
but it is an acceptable one. Using an uncompleted
knowledge to handle a problem or a reasonable
guessing is called heuristic.

In the SA, although there are many proposed
techniques for predicting feasible zone, answers
generated for optimal structural problem is randomized.
New answers are generated around the present answer
as shown in Fig 1. Each new answer is then checked if
it passes all constraints. In this study, behavior of
optimal structural problem is studied and is found to be
similar to that shown in Fig 3 with y-axis is the steel
volume and x-axis is the cross sectional area of steel in
one group. Trend of the best answer occurs at the left
hand side of the graph and locates above the load
constraint which is converted to be allowable minimum
cross sectional area constraint. This constraint varies
with steel cross sectional area.
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Steel volume

Allowable mini cross sectional area

Cross sectional area
Fig. 3. Structural optimization problem behavior

If the gap between answer and allowable minimum
cross sectional area is small, the best answer should be
resulted. The proposed algorithm is developed from this
knowledge. The algorithm will be demonstrated in the
next section.

HEURISTIC ALGORITHM FOR MATERIAL
SIZE SELECTION

Firstly, the maximum size from the given material
data is assigned to be the started answer. Then a new
answer is randomly created by reducing size of material
as shown in Fig 4. If this material size is below the
allowable minimum cross sectional area line, i.e. the
size does not pass the load constraints. A new answer is
created by increasing material size one step. This
procedure is repeated until corrected size is obtained as
shown at Fig 5. The algorithm will repeat the process
until the steel volume of a new answer does not change
for 2 times. The last answer is the best result as shown
in Fig 6.

Steel volume

Cross sectional area

Fig. 4. Reducing material size

Steel volume
h

Cross sectional area
Fig. 5. Increasing material size
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Fig. 6. Algorithm stop

The Heuristic Algorithm for Material Size
Selection is shown in table 1. Step 1, all members in a
structure are assigned to be the biggest size. Step 2 is
the stopping evaluation. If the steel volume of the new
answer is repeated twice, the algorithm will stop and
the last best answer is a final result. In case that the
steel volume can be reduced, Step 2.1 will operate. All
member sizes are reduced randomly in this step.
Members having the same group number, however, will
have the same size. Next step is the constraint
examination. In step 2.2, all members are verified if
their sizes are large enough for load constraints, If
material size of any member group is unacceptable,
material size of that member group is increased one size
at step 2.2.1 until all member sizes pass the load
constraints. In step 2.3, the new answer is evaluated. If
the new answer is better than the previous one, the
current answer is replaced by the new answer. if the
new answer is equal to the current answer, the new
answer is assigned to be an initial answer for the next
loop. These processes at step 2 are recursively operated
until the constraint at step 2 is qualified. Then, the last
best answer is set to be the final result.

Table 1: Heuristics algorithm for material size selection

1.  Evaluate the initial state which is the biggest size.
2. UNTIL a volume of current state and a volume of previous state
are equal 2 time continuously DO
2.1 Reduce sizes of materials randomly.
2.2 UNTIL size of materials are enough for loads DO
2.2.1 Increase sizes of materials one step
2.3 Evaluate the new state,
2.3.1 Compute the structural volume
IF volume of new state=volume of previous state then
Retum new state and quit
ELSE IF the new state is better than the current state
THEN { current state := new state)
ELSE {current state == old state}

3. Return the last state as the answer.
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NUMERICAL EXAMPLE

Three truss structures are used to verify the
proposed algorithm. Each example is studied by using a
commercial steel design software and two algorithms.
The selected steel design software is Multiframe 4D.®
This program is a specialized steel design software
widely used in civil engineering. The two algorithms
are the Simulated Annealing Algorithm (SA) and the
Heuristic Algorithm for Material Size Selection
(HAMSS). These algorithms are implemented in
SUTStructure!” ', SUTStructor is an education
structural analysis software used to analyze two
dimensional truss and frame structures. Structural
design criteria used in the Multiframe and the SA is the
Allowable Stress Design (ASD) given in the AISC
1989 specification. The HAMSS algorithm however
uses the ASD from both the AISC 1989 and AISC 2005
spcciﬁcations[' ",

Steel shape used in the study is the hollow round
steel as listed in Table 2. There are 29 sizes. Modulus
of Elasticity, E, is 196 x 10° kN/m* (2x 10'° kg/m?) and
yield stress, F,, is 245000 kN/m* (25000000 kg/m®).

Table 2: Hollow round steel

: Qulside Thickness ) Radiu:’, of
Number  Section diameter (mm) Area (m°) gyration

(mm) (mm)
1 PI5X2 21.7 0.000124 7
2 P20X2 272 0.000158 89
] P20X23 272 23 0000180 88
4 P25X23 340 23 0000229 112
5 P32X23 427 23 0000292 143
6 P40X23 486 23 0000335 164
g P40X2.8 486 28 0000403 162
8 P50X23 605 23 0000421 206
9 PA0X32 486 32 0000456 16.1
10 P50X32 605 32 0000576 203
11 P65X28 763 28  0.000647 26
12 P50X4  60.5 4.0 0.000710 20
13 P65X32 763 32 0000735 256
14 P80X28  89.1 28 0000759 305
15 P80X32 891 32 0000864 304
16 P90X32 1016 32 0000989 348
17 PI00X32 1143 32 0001117 393
18 PO0X4 1016 40 0001226 345
19 P125X36 1398 36 0001540 482
20 P100X45 1143 45 0001552 389
21 P125X4 139.8 40 0.001707 48
22 P125X45 1398 45 0001913 479
23 PI50X45 1652 45 0002272 56.8
24 PISOX5 1652 0.002516  56.7
25 PI25X6 1398 6 0002522 474
26 P200X 45 2163 45 0.002994 749
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27 PISOX6 1652 6 0.003001  56.3
28 P200X58 2163 58 0003836 745
29 P200X7 2163 7 0.004603 74

Example 1

The first example is a typical planar truss structure.
The structure is a 3 bar planar truss. All members in the
structure are connected by hinged connections. Load 49
KN (5000 kg) acts along both X and Y-axis as shown in
Fig 7. Material group information is given in Table 3.
Materials sizes are divided into 2 groups. Material sizes
of member 1 and member 3 are equal and assigned to
be group 1 while member 2 is different and assigned to
be group 2.

ﬁ;
T
A

Y

49 kN
Fig. 7. A 3 bar planar truss. (Example 1)

Table 3: Group information (Example 1)

Group Members
1 13
2 2

The problem optimization is studied by using the
Multiframe software program, the SA and the HAMSS
algorithms. In the Multiframe, the optimal steel design
required 2 important commands, the analysis and the
design commands. To find the best answer, the analysis
command will be called first then followed by the
design command. These processes will be repeated until
sizes of the designed steel do not change. Then the
biggest steel size in each group is selected to be the
selected size of that group. From the study, the
optimum steel volume of the structure is 2528 cm’.
Selected steel sizes are shown in Table 4.

In the SA, the design criteria used with this
algorithm is based on the AISC 1989. The example is
run with this algorithm for 25 times. The best design
from these results is selected to be the answer. To
obtain the optimal answer, the SA uses 196 finite
element analyses. The optimum steel volume of the
structure designed by the SA is 2528 cm’. Selected steel
sizes are listed in Table 3. The intermediated results
from log file are plotted as convergent graph in Fig 8. It
should be noted that both the Multiframe and the SA
algorithm yield the same optimum steel volume.
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In the HAMSS, both AISC 1989 and AISC 2005
(ASD) are studied. The example is tested with this
algorithm for 25 times. The optimum steel volume of
the structure designed by the HAMSS with both

AISC/1989 and AISC /2005 (ASD) is 2528 cm’. The
intermediated results from the HAMSS for AISC 2005
(ASD) standard are plotted and shown in Fig 9. The
gray points show all answers generated in the process
of trial to find the optimal solution. The dark points on
the graph are accepted answers. The HAMSS used only
16 finite element analyses. The final results reported
from the implemented program are demonstrated in Fig
10.

Steel volume (m*)

0.040

0.035 —+— All answers B
—&— Accepted Answers

0.030

0.025

0.020

0.015 -

0.010 A

0.005 1

0.000

0 50 100 150 200 250
Number of finite element analyses

Fig. 8. Convergent graph of the SA (Example 1)

Steel volume (rns)

0.025
—=— All answers
0.020 —1
\ —=&— accepted answers

0.015

0.010

0.005

0-000 T T T

0 5 10 15 20

Number of finite element analyses

Fig. 9. Convergent graph of the HAMSS (Example 1)
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Fig. 10. Results from the implemented program
(Example 1)

Table 4 reports steel volume and selected steel
sizes designed by the Multiframe, the SA and the
HSMSS algorithms. All design techniques give the
same results. However, it should be pointed out that the
HAMSS required only 16 finite element analyses when
compares to 269 finite element analyses used in the SA.

Table 4: Results from algorithms (Example 1)

Gro Multiframe SA HAMSS HAMSS
" (ASD1989) (ASD1989) (ASD1989) (ASD2005)
1 P40x2.8 P40x2.8 P40x2.8 P40x2.8
2 P15x2 Pl15x2 P15x2 Pl15x2
Volume 2528 cm’ 2528 cm’ 2528 cm’ 2528 cm’
Example 2

The second example is a 26 bar planar truss with
joint loads as shown in Fig 11. All connections in the
structure are hinged connections. The truss is also pin
supported at both ends. The structure is 1.5 m high and
10 m long.

392 kN 39.2kN 392kN
l i i)
T 2w T 2w T 2w T 2

INZZINZZNT
el L
Py

Fig. 11. A 26 bar planar truss. (Example 2)

Material sizes in the structure are assigned into 4
groups. Information of members using the same steel
size is shown in Table 5.
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Table 5: Group information (Example 2)

Group Members
1 1,5,6-10,11-16
2 2,3,4
3 17-20, 23-26
4 21,22

The steel volume of the structure obtained from the
Multiframe is 103289 cm’. The selected steel sizes are
shown in Table 6.

In the SA, the example is run with this algorithm
for 25 times. The best design from these results is
selected to be the answer. Fig 12 shows convergent
performance of the SA. To find the optimal answer in
this example, the SA requires 719 finite element
analyses. The optimum steel volume of the structure
designed by the SA is 112785 cm’. Selected steel sizes
are shown in Table 6. According to the information in
Fig 12, it can be seen that many answers are generated
but they are mostly rejected. Most of them do not pass
steel design criteria. Many rejections cause much
computation time for answer validations. These times
are totally waste.

In the HAMSS, The optimum steel volume of the
structure designed using the ASD 1989 standard is
89010 cm’ and it requires only 20 finite element
analyses. Also in the HAMSS with ASD 2005, the
optimum steel volume of the structure is 83073 cm’ and
it spends only 20 finite element analyses to get the
answer. These results show that the HAMSS is more
powerful than the SA in term of number of finite
element analyses. The convergent performance graph of
HAMSS for the ASD 2005 version is shown in Fig 13.
Only 14 rejected answers are created. The final results
reported from the implemented program are presented
in Fig 14,

Steel volume (ma)
0.30

—=— All answers

—&— Accepted answers

0 200 400 600 800
Number of finite element analyses

Fig. 12. Convergent graph of the SA (Example 2)
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Fig. 13. Convergent graph of the HAMSS (Example 2)

e — — = o — -
Fig. 14. Results from the implemented program

(Example 2)

Table 6 shows the optimum structural steel volume
and selected material sizes designed by each technique.

Table 6: Results from algorithms (Example 2)

Geoap Multiframe SA HAMSS HAMSS
(ASD1989) (ASD1989)  (ASDI1989)  (ASD2005)

1 P100x3.2 P125x4.5 P80x3.2 P90x3.2

2 P200x7 P200x5.8 P200x7 P200x5.8

3 P125x3.6 P125x3.6 P100x3.2 P100x3,2

4 P200x5.8 P200x4.5 P200x5.8 P200x4.5
Volume 103289 cm’ 112785 cm’ 89010cm’ 83073cm’

According to information in Table 6, the optimum
steel volumes of the structure designed using both
versions of the HAMSS, AISC/1989 and AISC/2005,
are also significantly better than the optimum steel
volume of the structure designed using the Multiframe
and the SA.
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Example 3

The third example is a 30 bar planar truss with
joint loads as shown in Fig 15. The structure is 5.5 m
high and 28 m long. The structure is pin supported at
both ends. All connections in the structure are hinged
connections. Material sizes in the structure are assigned
into 5 groups. Members that use the same steel size are
grouped and shown in Table 7.

ottt

Fig. 15. A 26 bar planar truss (Example 3)

Table 7: Group information (Example 3)
Group Members
1 1-7
8-14
15-22
23-25, 28-30
26,27

2
3
4
5

The example is computed by the Multiframe
software, the SA and both versions of the HAMSS. The
optimum steel volume of the structure designed by the
Multiframe is 169277 cm’. Selected steel sizes are
shown in Table 8.

In the SA, the design criteria used with this
algorithm is based on the AISC 1989. The example is
run with this algorithm for 25 times. The best design
from these results is selected to be the answer. To
obtain the optimal answer, the SA uses 829 finite
element analyses. The optimum steel volume of the
structure designed by the SA is 162485 cm’. Selected
steel sizes are listed in Table 8. The intermediated
results from log file are plotted as convergent graph in
Fig 13. The dark points are the accepted answers and
the gray points are the rejected answers. This
information show that the SA can find the optimal
solution, but many waste answers are created before the
best answer is found. Most answers are rejected
because either the answers do not pass the constraints
or the answers are not better than the previous answer.

In the HAMSS, both AISC 1989 and AISC 2005
(ASD) are studied. The optimum steel volume of the
structure which is designed by the HAMSS with both

AISC/1989 and AISC /2005 (ASD) is 162485 cm’. The
intermediated results from the HAMSS for AISC 2005
(ASD) standard are graphically shown in Fig 16. It
should be noted that the number of finite element
analyses in Fig 16 is less than the number of finite
element analyses in Fig 15. Final results reported from
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the implemented program based on HAMSS (AISC/
2005) is shown in Fig 17.

Steel volume (m*)
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Fig. 15. Convergent graph of the SA (Example 3)
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Fig. 16. Convergent graph of the HAMSS (Example 3)

R ——— | —
Fig. 17. Results from the implemented program
(Example 3)
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Table 8 shows the optimum structural steel volume
and selected material size designed by each technique.

Table 8: Result from algorithms (Example 3)

Group Multiframe SA HAMSS HAMSS
(ASDI1989)  (ASDI1989)  (ASDI989)  (ASD2005)
1 P200x4.5 P150x6 P200x4.5 P200x4.5
2 P125x3.6 P125x36 P125x3.6 P125x3.6
3 P65x3.2 P80x2.8 P65x3.2 P65x3.2
4 P65x2.8 P40x3.2 P40x3.2 P40x3.2
5 P90x3.2 P80x2.8 P80x2.8 P80x2.8
Volume 169277 em®  163074cm’  162485cm’ 162485 cm’

From the study, the optimum steel volumes of the
structure designed by both versions of the HAMSS are
better than the SA. In addition, the HAMSS with AISC
2005 specifications requires only 28 finite element
analyses when compares to 829 analyses used in the SA

DISCUSSION AND CONCLUSIONS

The paper proposes a new algorithm to handle
discrete variable structural optimization problems.
Since the proposed algorithm is developed by using
knowledge of problem behavior, it is called the
Heuristic Algorithm for Material Size Selection
(HAMSS). The proposed algorithm is decrypted and
evaluated. Three examples of planar steel truss are
tested with the Simulated Annealing Algorithm (SA),
the proposed algorithm (HAMSS) and a conventional
steel design software (Multiframe). Results from the
study show that both the SA and the HAMSS can
efficiently optimize steel volume of planar truss
structures. However, the HAMSS is more effective
because it significantly spends less number of finite
element analysis cycles when compares to the SA. In
addition, any intricate mathematical function is not
required for HAMSS. Hence, the HAMSS is an
efficient optimization technique which is easy for
understanding and simple for implementation.

In the future, the HAMSS would be used to solve
other problems which are similar to the optimal discrete
structural design problem. The other types of structural
material and other types of structure will be tested with
HAMSS.
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