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Determination of Different Structures’ Materials
Natural Frequencies using Fuzzy Logic System
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Abstract: The impact of structure’s material and dimensions
on its natural frequency are lacking in recent literature. The
main aim of that paper is investigating material’ characteristics
effect on structures natural frequency. Five different types of
materials (steel, concrete,wood, plastic and aluminum) which
mostly used in engineering applications implemented in this
study. A fuzzy system designed and structured for each type of
materials. It used to optimize the natural frequency values related
to height and area of structure. The results show that whilst the
height of the structure is a very influential factor on its natural
frequency, the type of material as well as area of the structure are
also effective variables. For the same dimensions of the structure,
wood shows the highest value of natural frequency, then steel
followed by concrete. In addition, the natural frequencies of
structures have been assessed against the wind, earthquakes and
traffic vibrations. These results can have useful applications and
recommendations for engineering and design purposes. Wood
can complement natural properties of a range of materials.
Implications from this investigation can be useful for heavy
machines laboratories, building structures and other engineering
applications.
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. INTRODUCTION

The value of Natural frequencyis the frequency value that at
which a system tends to vibrate in absence of driving
or damping forces. The natural frequencies are
characteristics of materials. Structures of different materials
tend to oscillate at these frequencies with a motion pattern
defined as the normal mode. The natural frequencies and
vibration of structures have been investigated and reported
in the literature [1]. Vibrations of structures depend on its
mass and stiffness. In general, heavier structures are
expected to be of smaller amountof natural frequencies than
lighter structures[2].

One of the widely claimed and established factors that
influence the stiffness of a building or structure is its height
[3]. The resonant frequency is the frequency at which the
oscillating system

is driven at using some exogenous factors [4].1t is well
acknowledged in the literature that shorter buildings tend to
be less flexible, so they tend to have higher natural
frequencies compared to taller buildings [5], [6].
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There has been recognition in the literature that the height of
a structure has the most impact on natural frequencies of
buildings [7], [8].

Investigations of optimization design through high-rise
buildings considering the reliability and comfortability of
the inhabitantand joint distribution of the direction and
speed of wind, but not the impacts of different types of
materials, done in [9].

Impacts of external forces on buildings such as
wind and damping have been investigated extensively in
theliterature. [10] investigated the behaviour of six shapes
of structures with turbulent wind. The study reported that
the impacts of the wind on different structures are affected
by the aerodynamics and directions. Characteristics of
materials include stiffness, dampness and mass. The study
employed some statistical and integration techniques to
assess the performance. [11]Jusing ambient vibration
measurements to investigate modal mass to estimate civil
buildings and damping ratios. [12]analysed analytically
pile-supported bridges to predict natural frequencies.

[13] improving seismic performance of building
that affected with earthquake by using base isolated
buildings with tuned mass dampers. They tested the
effectiveness of the design methodology using optimization
procedures. They used their model to analyze and calculate
structure’ frequencies and mode shape. [14]used a laser
speckle imaging and parallel computing to assess natural
frequencies. Eigenvalues of each model order used to
compute natural frequencies. They developed a parallel
code including different algorithms with k-means clustering
whichapplied each cluster geometrical centroid as a virtual
sensor. The dynamic characteristics of tall structures
evaluated by Bayesian approach which use vibration shake
test tables, [15].

In this paper, we investigate the impacts of height,
area, ratio of height/area, density and stiffness of structures
on their natural frequencies. An analysis of structures’
performance with variations of these parameters are
performed using fuzzy logic control system. Fuzzy logic
based on theory of fuzzy sets, [16].

Fuzzy logic which formed many-valued logics that
implemented through concept of partial truth[17], [18]. It
offers a useful approach to carryout conflict resolution of
multiple criteria and an efficient method of analysis,
comparison and evaluation.

Mathematical Calculation of Natural Frequency of structure
that is stemming from the original natural frequency
formula that presented in equation (1) as following:

o= [ )
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w,, = natural frequency (rad./s.)
K = the structure stiffness
M = the structure mass

The structure’s mass is an important factor in the
analysis of its natural frequency (or how flexible structures
are). It is well recognized that the direct and inverse
relations between mass, structure’ height respectively with
natural frequency, higher structure have lower natural
frequency, while shorter structure have higher natural
frequency. Similarly, heavier structure has lower natural
frequency. On the other hand, increasing structure flexible
has also a good effect on its natural frequency, the lighter
(or less mass) the structure is the greater its natural
frequency and the heavier the structure (more mass) or
more flexible (that is less stiff), the lower its natural
frequency. The natural frequency-in Hertz therefore is given
by f.below:

1

fn = Z_wn (2)

T

From equations (1 and 2)

fo= =50
12EI

Kmoment frame = 2 [F](‘]')
Where
E = Young’smodulus of elasticity
I = Mass moment of inertia
H = Structure height
4
M= ;(5)
Where
V = Volume
p = Density
V=M=xp (6)
From equations (5 and 6)

AxH
M
p

From equations (3, 4 and 7)

()

Exl
yrpeT (8)

f, = (1.875)2

Equation (8) presents the vibration or the natural frequency
for a structure as a function of the parameter’s height, area
and moment of inertia of the structure. In addition, the
density and

modulus of elasticity of structure material also have impact
on its natural frequency.

Il.  NATURAL FREQUENCY OF STRUCTURES

To study and analyze the performance of the vibration and
the natural characteristics of structures, Five materials steel,
concrete,wood, plastic and aluminum. Steel is composed of
several components including iron, carbonand other
components. Steel has high strength and not expensive. It
has many uses in various types of structures, buildings and
many light and heavy industries. Concrete is a composite
material that also include several components. These are
cement, sand, water and others. In many cases, concrete is
used as reinforced. Concrete has many uses and applications
in buildings purposes. Its usage worldwide is almost twice
that of many materials combined including steel, wood,
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plastics and aluminum. Wood is a natural product that is
available for most countries, yet its use is quite partial and
limited to restricted applications[6].

Characteristics of the five materials are presented
in Table 1.The range of values for area, height, density and
modulus of elasticity that are used to calculate the
structure’s natural frequency are presented in Table I.

Table- I: Natural characteristics of the five studied

materials
Natural characteristics
) Modulus
Materials | Density of Height | width
(Kg/m®) | Elasticity | (m) (m)
(Psi)
5-35
10-100 (10-
6 (with a 100
Steel 7900 29x10 “107 (with a
step) “5”
step)
5-35
10-100 (10-
5 (with a 100
Concrete 2335 44x10 “10” (with a
step) “5”
step)
5-35
10-100 (10-
s | (witha 100
Wood 750 136x10 “1 07 (witha
step) “5”
step))
5-35
10-100 (10-
(with a 100
Rubber 1522 0.1 GPa “107 (with a
step) “5”
step)
5-35
10-100 (10-
. (with a 100
Aluminum 2.71 69 GPa «10” (with a
step) “5”
step))

The natural frequencies of structures have been investigated
in relation to structure dimensions. All calculations are
based on a model of a solid and homogeneous structure as
seen in Fig. 1. Table Il shows natural frequency values for
selected dimensions of structures. If structure’ height
increases its natural frequency will decrease. while the
structure’ area increases its natural frequency also increases.
Therefore, the ratio of height to area is of significance. Out
of the five selected materials, wood show the highest natural
frequency, across the entire range of areas, while aluminum
shows the lowest natural frequency.
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Fig. 1. Structure with square side (b) and Height (h)

Table - 11: Natural frequency related to change in ratio
of (height/area) of structures

Ratio Natural Frequency (Hz)

(H/A) | steel | concrete | wood | rubber | aluminum
0.01 | 215 30 0.0021 0.05
0.1 2 1 13 0.0001 0.02
0.3 3 2.5 8 0.00009 0.0005
0.5 0.08 0.01 0.8 | 0.000003 0.00081

I1l. DETECTION OF STRUCTURE’S NATURAL
FREQUENCY USING FUZZY LOGIC CONTROL

Optimization techniques are increasingly used in many
engineering applications [19], [20]. Fuzzy logic is a
powerful optimization tool in dealing with complex
problems. It designed for allowing determination of
distinctions through data with simulating process of human
reasoning [21] depending on computers. It defined as a
nonlinear input data set mapping for scalar output data [21].
It based on fuzzifier, rules, inference engine, and
defuzzifieras in below Figure 5.

The process of fuzzy logic assumed here follows the
approach adopted by Mendel [12].In summary the process
involves obtaining set of input data that converted to fuzzy
sets by membership functions (fuzzification). A set of rules
are adopted then to make an inference. The fuzzy output
used membership functions for defuzzification.

IV. FUZZY SYSTEM FOR NATURAL
FREQUENCY

Fuzzy logic system is used for optimization of the
structure’s natural frequency. Different structure dimensions
presented to detect the maximum value of natural frequency
for steel, concrete and wood materials. The MATLAB
software used to build five fuzzy logic systems: one system
for each material type. The system inputs were structure’s
properties (height, height/area) and structure materials
specifications including density and modulus of elasticity.
Outputs of fuzzy logic system are structure natural
frequencies.

The fuzzification step in creation of fuzzy logic system
appeared in Fig. 2 where fuzzy system has 2 inputs and 1
output. Fig.3 illustrates fuzzy system inputs membership
functions. Fig. 4 presents the fuzzy system outputs
membership functions for steel. Fig.5 shows the changing in
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natural frequency values that are related to changes in of
height and height/area ratio for steel, concrete and wood
respectively. Finally, Fig.6 shows the height and height/area
ratio values at maximum natural frequency value of Steel
Fuzzy System.
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Fig.2. Fuzzy Logic System Architecture
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Fig. 5. Outputs membership functions of fuzzy
system(Steel)
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Fig.6. Representation of changing in natural frequency
values related to changes of height and height/area ratio
for steel fuzzy system
Table-IlIshows the results of optimization based on a cubic
structure with three values of sides (10, 20 and 30 meters), a
parallel rectangle shape of a structure with ratio (2:1) and a
parallel rectangles structure with a ratio of height to base
(3:1). Results confirm the results obtained from initial
investigations. Maximum value of structure’ natural
frequency obtained when ratio of height to base equals to 1.
As the ratio of height to base increases the structure’s
natural frequency reduces. The results also confirm that
wood has the highest natural frequency compared to other
material investigated here (steel, concrete, rubber and

aluminum). Further research in this area is recommended.

Table-111. Values of natural frequencies for the five
materials within the experimental values

Ratio H b Natural Frequency of
(H:b) (Hig | (sid Materials
- ht e -
Cubic in)m ir)1 Concr | Wo | Rub | Alumin
(1:1) m Ste | ete od ber um
el
10 10 | 6.2 4.1 145 0'%00 0.50
20 20 | 33 2.1 6.91 0'?100 0.30
30 30 | 21 1.8 51 0'(;00 0.171
Paralle 0.000
| 10 5 31 25 7.2 4 0.26
rectan
gles 20 10 15 1.1 3.2 0.200 0.13
(2:1)
30 15 10 0.889 | 24 0.000 0.06
2 1
Paralle 0.000
| 0.6 09
rectan 30 10 7.8 0.43 15 0.08
gles
(3:1)
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V. RESULTS AND DISCUSSION

The mass and stiffens of a structure affect its natural
frequency value.Lighter structures and machines are known
to have higher natural frequencies [19]. It is well
acknowledged in the literature that shorter buildings tend to
be less flexible and have higher natural frequencies
compared to taller buildings. Further investigation of natural
frequencies and impacts on other associated characteristics
of structures are of need to further investigations. We have
demonstrated in this paper that the natural frequency of a
structure of a given height can be moderated by means of
controlling the ratio of height to its base area.

An analysis of the structures’ performance with
optimisation of structures’ natural frequencies with
variations of these parameters are performed and presented
using fuzzy logic control system. The results show that
whilst the height of a structure is recognised as the most
effective variable that could affect its natural frequency,
results from the analysis also show that base area and ratio
of height/area of a structure also affect its natural frequency
value. These results are likely to have implications on many
engineering applications includingstructures, buildings and
machine design. Implications for the design of buildings and
structures in addition to specifications for composite
materials may also benefit from this innovative research.
With the finding that wood has a relatively high natural
frequency compared to that of concrete and steel, this has
highlighted an interesting area that is requiring further
research and investigation. Areas in which this may have an
important part to play include reinforcing material
complementing steel and concrete, which may play a role in
research for earthquake resistance and wood products.

VI. CONCLUSIONS AND RECOMMENDATIONS

Natural frequencies of buildings and structures depend on
the knowledge of materials and their natural characteristics.
The five most used materials that are used for general
structures and buildings are steel, concrete, wood, plastic
and aluminum. Concrete is the most common material in
buildings, steel is the most common material used in
structures and heavy machinery and wood is most
commonly used in many aspects of domestic construction,
fencing in addition to commercial use. Assessing vibration
and natural frequencies of these materials is critical in
ensuring the most cost-effective approach and safety to
engineering designs.

In this research, we present data highlighting that the
height of buildings and structures is still the most prevailing
factor affecting their natural frequencies. However, the ratio
of height/area also shows relevance in affecting the structure
natural frequency. The type of material used represented by
its density and the module of elasticity seem to have
significant impact on the natural frequency. Our results
show that wood has the highest natural frequency amongst
the five selected materials, followed by steel then concrete.
Implications from this investigation will be useful for heavy
machinery and building structures.
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