
 
 

 

  
Abstract—In this paper, post-buckling behavior of cylindrical 

tubular struts is estimated by using fuzzy model identification. 
The developed fuzzy model has been applied to the numerical data 
obtained from the finite element analysis and fuzzy system 
parameters are trained by least-squares algorithm. It is known 
from these results that the fuzzy model is sufficiently accurate to 
be used in evaluation of post-buckling behavior of cylindrical 
tubular struts. The obtained load-shortening relation by fuzzy 
model showed a reasonably good agreement with finite element 
analysis. In this work the effect of local buckling is neglected. 
 

Keywords—Fuzzy, Finite element, Post-buckling, Tubular 
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I. INTRODUCTION 
Information on the inelastic behavior and buckling 

performance of tubular members is essential for a realistic 
assessment of strength and risk in offshore structures. 

Braced steel frames are used in seismic active area. In this 
system, energy is also dissipated due to bracing inelastic 
behavior. In high seismic regions, it is a common practice to 
allow inelastic deformation in structures under high seismic 
hazard, in other word the resistance of braced steel frames to 
earthquake motions relies on the capacity of the bracing 
members to undergo several cycles of inelastic deformation 
including stretching in tension and buckling in compression. 

A survey of past experimental studies on the inelastic 
response of diagonal steel braced members subjected to cyclic 
loading was carried out to collect data for the seismic design 
of brace members. The data collected have proved that the 
overall buckling as well as local buckling and rupture, 
together with connection failure, are the primary modes of 
brace member failures. Furthermore, the buckling and 
subsequent deterioration of the conventional buckling is one 
of the reasons of the complexity of the behavior of these 
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elements. As a whole, it can be concluded from the premiere 
studies that the cyclic behavior of brace members is complex 
due to some physical phenomena such as yielding in tension, 
buckling in compression, post buckling deterioration of 
compressive load capacity, deterioration of axial stiffness 
under cyclic loading and the Bauschinger effects. These 
factors significantly affect the process of formulating the 
inelastic behavior of steel braces. 

In this paper a fuzzy model for simulation of buckling and 
post buckling responses of tubular struts with different 
sections is formulated. The new model is capable of 
simulating the inelastic behavior of the tubular struts. It has 
also the capability of accounting for overall buckling.  

There are different approaches used in column analysis. The 
simpler approach, known as the eigenvalue approach, attempts 
to determine the maximum strength of a column in a direct 
manner without calculating the deflection. In this approach, an 
ideal or perfect column is assumed to be an ideal manner that 
the only deflection that occur at low loads are those in the 
direction of the applied loads, the load does not produce 
transverse deflection in the case of a concentrically loaded 
column until the buckling load, or more accurately the 
bifurcation load, is reached. For a real column it contains 
imperfections such as an initial out-of-straightness, deflection 
starts from the initial deflection at the beginning of application 
of the axial force and there is no bifurcation or sudden change 
of deflection as load increases. Thus, the buckling strength or 
the maximum load-carrying capacity of an initially crooked 
column must be determined by an alternative approach, like 
finite element analysis, to solve a column problem by tracing its 
load-shortening behavior throughout the entire range of 
loading up to ultimate load, including the descending branch of 
unloading [1].  

The objective of this paper is to predict the post-buckling 
behavior of cylindrical tubular struts under a variety of 
slenderness ratio by a fuzzy inference system using the finite 
element analysis results as input-output data pairs. Many 
artificial intelligence techniques including neural networks and 
fuzzy inference methods have been successfully applied to a lot 
of problems, such as estimation of collapse moment for the 
wall-thinned pipe bends [2], Fuzzy logic-based expert system 
to predict the results of finite element analysis [3], Structural 
reliability analysis through fuzzy number approach [4], 
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procedure for the static design of imprecise structures [5], and 
so forth.  

The problem of determining a mathematical model for an 
unknown system by observing its input-output data pairs is 
generally referred to as system identification. The fuzzy 
identification methods have been largely and successfully 
applied to system identification problems that are used in this 
work. Fuzzy system parameters are trained by least-squares 
algorithm which is powerful and well-developed mathematical 
tools that have been proposed and used in a variety of areas for 
decades, including adaptive control, signal processing, and 
statistics. Nowadays they still prove to be essential and 
indispensable tools for constructing linear mathematical 
models. The same fundamental concepts can be extended to 
nonlinear models as well [6].  

To train and test the fuzzy model, the post-buckling behavior 
of tubular struts is provided. These data are obtained by 
performing finite element analyses for various slenderness 
ratios. 

In this paper the effect of local buckling is neglected. Also 
the fuzzy model can be used in push-over analysis of 
braced-frames. 

 

II. POST-BUCKLING BEHAVIOR USING FINITE ELEMENT 
ANALYSIS 

A. Analysis condition 
In order to evaluate the post-buckling behavior of cylindrical 

tubular struts, the non-linear one-dimensional finite element 
analysis (FEA) is performed. In the analysis, 141 cylindrical 
tubular members that have slenderness ratio (KL/r) between 
20.16 and 160.31 are selected. As an illustration, consider a 
fixed-ended column with initial imperfection iδ and subjected 
an increasing axial shortening )( xδ as shown in Fig. 1. It is 
assumed that the initial imperfection (out-of-straightness at 
mid-span) is equal to 0.001*L and the maximum of xδ is equal 
to 0.02*L. Cross section area, gyration ratio, and effective 
length factor of the strut are shown as (A), (r), and (K) 
respectively.  

 

 
Fig. 1. Shape and geometries of cylindrical tubular strut. 

 

B. Finite element model 
Plastic straight pipe elements allowing for large deformation 

behavior are used to model the cylindrical tubular members. 
This element is a uniaxial element with tension-compression, 
bending, and torsion capabilities. This element has six degree 
of freedom at each node, translations in the nodal, x, y, and z 
directions, and rotations about the nodal x, y, and z axes. Fig. 2 

depicts the finite element meshes used in the analysis. The 
consideration of geometrical non-linearity in the finite element 
analysis is very important for precise determination of 
post-buckling behavior. Therefore, both geometric and material 
non-linearity is considered in this analysis. 

The input of material behavior is described by a bilinear 
stress-strain curve. The initial slope of the curve is taken as the 
elastic modulus ( E ) of the material. At the yield stress (

yσ ) of 

the material, the curve is turned along the second slope defined 
by the tangent modulus (

tE ). Yield stress of selected material of 
the cylindrical tubular struts is 360MPa, and the elastic 
modulus, the tangent modulus, and the Poisson ratio ( )υ  are 
200GPa, 0.01*E and 0.3, respectively. Fig. 3 shows the 
stress-strain curve used in the analysis.  

 

 
Fig. 2. Finite element model of cylindrical tubular strut. 

(a) General shape of model (b) finite element meshes. 
 

 
Fig. 3. Material behavior. 

 

C. Load-shortening relationship 
Load versus axial shortening curves predicted by the FEA 

are compared with experimental and other analytical curves 
that are reported in [1], [7] as shown in Fig. 4. From load versus 
axial shortening curves it can be seen that the curves predicted 
by the FEA agree well with the other analytical curves. It also 
agrees fairly with the experimental curves. From Fig. 4, a 
behavior trend can be observed, in that after the strut buckles, 
the test curves show a higher strength than that of the 
theoretical prediction because of work-hardening effects in the 
material, and that with the increasing of inelastic deflection, 
local buckling occurs as the column strength gradually falls 
until, at the end, it is lower than the theoretical value [1]. 
Obviously, the basic parameter influencing the susceptibility of 
tubular sections to local buckling is diameter-to-thickness ratio 
(D/t) and in these numeric approaches the effect of local 
buckling is neglected. 
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Fig. 4. Comparison between FEA analysis and other analytical and 

experimental results. 
(a) Theory and test result (b) FEA result. 

D = 4.504 (in), t = 0.092 (in), 9.41=yσ  (ksi), L = 225 (in), Li 001.0=δ , 
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r
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t
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III. FUZZY MODEL IDENTIFICATION 
In this work, a fuzzy system that is designed by recursive 

least squares method is used to predict the post-buckling 
behavior of cylindrical tubular struts. To develop the fuzzy 
system, two parameters, namely 

r
KL and 

L
xδ are considered as 

inputs and there is one output, namely
y

x

A
F
σ

.  

For the fuzzy system training, a C++ code was written and 
following steps was performed. 
Step 1: 
Suppose that 2

2211 ]02.0,0001.0[]31.160,16.20[ RU ⊂==×=== βαβα . 
For ],[ 11 βα  , 141 fuzzy sets were defined 1

1
lA ( )11 141,...,2,1 Nl == , 

and for ],[ 22 βα , 200 fuzzy sets were 

defined 2
2
lA ( )22 200,...,2,1 Nl == . Slenderness ratios )(

r
KL  was 

chosen as 1
1
lx . 

r
KLx =1

, 
L

x xδ=2
, 

y

x

A
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σ

=  
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1
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Step 2: 
Construct the fuzzy system from the 200141× fuzzy IF-THEN 
rules: 
IF 1x  is 1

1
lA  and 2x  is 2

2
lA , THEN y  is 21llB  

Where 141,...,2,11 =l , 200,...,2,12 =l  and 21llB  is any 

fuzzy set with center at 21lly that is free to change. Specifically, 
The fuzzy system was chosen with product inference engine, 
singleton fuzzifier, and center average defuzzifier and 
Gaussian membership function for fuzzy sets and the designed 
fuzzy system is: 
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Where 21lly are free parameters to be designed, and il
iA were 

designed in step1. Collect the free parameters 21lly into the 
200141× dimensional vector: 

Tyyyyyy ],...,,...,,...,,,...,[ 2001412001214121114111=θ  (2) 
And rewrite (1) as: 

θ)()( xbxf T=  (3) 
Txbxbxbxbxbxbxb )](),...,(),...,(),...,(),(),...,([)( 2001412001214121114111=  (4) 
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  (5) 

Step 3: 
Choose the initial parameters 0)0( =θ . 
Step 4: 
For ,...2,1=p , compute the parameters θ using the following 
recursive least squares algorithm: 

])([ )1(00)()1()( −− −+= p
pTp

ppp xbyk θθθ  (6) 
1

0)1(00)1()( ]1)()()[( −
−− += p

p
pTp

pp xbPxbxbPk   (7) 

)1(0
1

0)1(00)1()1()( )(]1)()()[( −
−

−−− +−= p
pTp

p
pTp

ppp PxbxbPxbxbPPP  (8) 

Where )0(θ is chosen as in step 3, IP σ=)0(
 where σ is a large 

constant, and );,(),( 0020100
ppppp yxxyx =  are the input-output pairs 

that are obtained by FEA [8].  
 

IV. APPLICATION TO THE POST-BUCKLING BEHAVIOR 

In fuzzy model 21, xx are the input signals that present the 

Lr
KL xδ, respectively and y  is the output signal that presents 

the
y

x

A
F
σ

. The estimated post-buckling behavior of cylindrical 

tubular struts by fuzzy model is compared with FEA analyses 
results in Fig. 5, 6 for different cases. According to the figures 
the trained model satisfactorily predicts the post-buckling 
behavior of the cylindrical tubular struts in the case of training 
data sets or other data sets. The fuzzy model is found to be 
faster than the FEA and it is interesting to note that CPU time of 
the fuzzy model does not depend on the element size but in the 
case of FEA that is very important.” 

 

V. CONCLUSIONS 
In this paper, fuzzy model has been used to estimate the 

post-buckling behavior of cylindrical tubular struts. The 
developed fuzzy model has been applied to the numerical data 
obtained using finite element analysis. The fuzzy model were 
trained  using the data set prepared for training (training data) 
and verified by using another data set (test data) different from 
the training data. The maximum error of the fuzzy model for the 
test data is only a little greater than the maximum error for 
training data. Therefore, if the fuzzy model is trained first by 
using a number of data including a variety of slenderness ratio, 
they can accurately estimate the post-buckling behavior for any 
other slenderness ratio cases. The CPU time of a finite element 
analysis depends on the parameters, such as element size but 
the CPU time of the fuzzy model is independent of these 
parameters. Basically, this method was developed to easily 
estimate the post-buckling behavior, based on the results of 

finite element analyses that are assumed to be true but require 
long computation. More over, future studies are expected that 
apply genetic algorithms (GA) to optimize fuzzy model of 
post-buckling behavior and include local buckling effects in the 
fuzzy model. The results can be used in push-over analysis of 
braced-frames. 

 

 
Fig. 5. Comparing FEA results with fuzzy model for training data. 

(a) 07.35=
r

KL . (b) 03.72=
r

KL . (c) 31.160=
r

KL . 
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Fig. 6. Comparing FEA results with fuzzy model for test data. 

(a) 62.34=
r

KL . (b) 63.85=
r

KL . (c) 59.155=
r

KL . 
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