
  

  
Abstract—To get minimum weight design of steel structures, 

selection of suitable steel section for design of a steel member is 
always been a point of great interest from a designer’s point of 
view. Because of thin flanges and webs slender sections are 
lighter as compared to compact and non-compact sections. Aim 
of this research study is to determine the optimum unbraced 
length of slender steel sections under bending and compression 
effects. Required objectives are achieved by selecting a wide 
range of steel sections having non compact to slender webs and 
flanges. After making a careful selection of different steel 
sections, each steel section is analyzed under compression and 
bending for a given unbraced length of steel member and 
optimum values of flange and web slenderness are determined. 
Same procedure is repeated for all selected steel sections for 
different unbraced length ratios.  Results have determined the 
optimum values of flange and web slenderness which can lead 
towards the minimum weight and cost of steel structures. 
 

Index Terms—Flange slenderness ratio, optimum unbraced 
length ratio, pre-engineered buildings, web slenderness ratio.  
 

I. INTRODUCTION 
Minimum weight design of steel structure has been always 

the area of great interest of most of the researchers to get 
lighter and cheaper steel sections. This idea was further 
strengthened with the development of Pre Engineered Steel 
Industry. A typical Pre Engineered Steel Building (PEB) 
consists of a steel frame as primary framing and cold form 
purlins and sheeting for roof and walls as secondary framing.   

Cold formed sections and cold formed sheeting’s profiles 
are thin walled steel section with highly slender webs and 
flanges.  In PEB structures, web slenderness of the steel 
section mostly lies in slender range and flange slenderness 
varies from compact range to slender ranges. In case of cold 
formed sections, thickness is very less and these sections lie 
in highly slender range. Fig. 1 shows a typical PEB structure 
with built-up frames as primary framing and cold formed Z- 
sections as purlin and roof sheeting. Fig. 2 shows different 
types of sections used in the PEB industry. Fig. 1(a) shows a 
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built up section mostly used either as beam or column and Fig. 
1(b), (c) and (d) show cold formed channel section, cold 
formed Z-shape section and roof sheeting respectively.  
  

 
Fig. 1. A typical PEB frame with built up frames and cold formed purlins and 

roof sheeting. 
   

 
Fig. 2. Different type of sections used in Pre Engineered Buildings. 

 
In the past, many researchers had worked on slender 

sections. Cold formed or built up slender sections are thin 
walled sections and suitable for use in those cases when the 
members overall buckling failure governs the design and 
steel members are having very high values of unbraced length 
ratios (ratio of unbraced length to the total length of member). 
In case of PEB, interior columns of main frames are fully 
unbraced as shown in Fig. 1. Slender sections consist of thin 
wall elements (flanges and webs) which locally buckle at 
stress level much lower than yield level of steel depending 
upon the effective width of these elements. Different steel 
design codes determine the values of effective width based 
upon the past research. Salem et al. [1] determined the 
ultimate capacity of I-shaped slender column. He selected a 
group of slender sections and varied their flange and web 
thickness ratios and drawn the complete ultimate strength 
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curves for selected range of I-sections. He found that ultimate 
capacity of a section depends upon the interaction of flange 
and web thickness. Rangelov [2] computed the effective 
stiffness of slender steel sections to calculate the deflection. 
He found that theoretical effective width for stiffness 
calculation is always greater than the effective width used for 
strength and suggested an extension of concept of effective 
width. Hancock et al. [3], [4] determined the effective 
resistance of axial loaded I-shaped and box section. 
According to him, effective section method to predict the 
local and overall buckling interaction is good for heavier 
webs and gives an uneconomical solution for normal webs. 
Ellobody et al. [5] investigated the buckling behavior of 
cold-formed high strength stainless steel stiffened and 
unstiffened slender square and rectangular hollow section 
columns. He developed a non-linear finite element method to 
investigate the behavior of slender square and rectangular 
columns. He found that stiffened slender steel hollow 
sections offer better resistance as compared to unstiffened 
hollow slender sections. Ellobody and Young et al. [6], [7] 
proposed a numerical model to analyze high strength 
fixed-ended cold-formed unstiffened rectangular and square 
hollow stainless steel section columns. They also developed a 
numerical model to determine the behavior of cold-formed 
unstiffened slender circular hollow section columns using 
normal strength stainless steel. Lindstorm et al. [8] carried 
out experiments on mild steel I-section columns composed of 
a cross-section that was made of a slender web and thick 
flanges whereas Kalyanaraman et al. [9] studied the 
interaction of columns composed of thicker webs and slender 
flanges and found that interaction of overall and local 
buckling is also effected by the shape of the column. Wei-Xin 
Ren et al. [10] also carried out an experimental and numerical 
study to determine the interaction of local and overall 
buckling behavior of I-shaped steel column sections. He 
found that column overall slenderness, local slenderness of 
section elements and load eccentricity can significantly affect 
the buckling behavior of columns. According to him, local 
buckling failure of section elements does not corresponds to 
complete failure or loss of strength of steel columns. 

In this study, optimum value of local web and flange 
slenderness are determined to get the maximum efficiency 
and load carrying capacity of a steel section for a given 
unbraced length of steel member. Different steel sections 
varying from very compact range to a slender range are 
selected for analysis and their load carrying capacity is 
determined. The relation of optimum flange and web local 
slenderness is also established with the unbraced length ratio 
of steel members. Current study provides the basis to steel 
designers to directly select a minimum weight section for a 
given unbraced length of steel member and contributes 
towards safe and economical construction.   
  

II. DESIGN OF SLENDER SECTIONS 
In order to evaluate the capacity of built-up slender web 

and flanges, chapter E and F of American Specification for 
Structural Steel Buildings ANSI/AISC 360-05 [11] is used.  
Section E-3 of [11] gives the elastic critical buckling stress of 
steel section based upon the overall slenderness ration and 
member end conditions. Equation (1) gives the elastic critical 

buckling stress.  

2

2

⎟
⎠
⎞

⎜
⎝
⎛

=

r
KL

EFe
π                    (1) 

where Fe = critical buckling stress, E = Young’s modulus of 
elasticity of built-up steel and (KL / r) is overall slenderness 
ratio of steel section.   

Section E6 and E7 of ANSI/ASCE 360-05 [11] determines 
the strength reduction factors Q to find out the contribution of 
each section element, and reduction factor is given by (2). 

as QQQ ×=                     (2) 

where Qa = strength reduction factor for slender stiffened 
elements and Qs = strength reduction factor for slender 
unstiffened elements.  

A. Unstiffened Elements-Flanges 
In case of built-up sections with unstiffened flanges, Qs is 

determined using (3) to (4) depending upon the flange 
slenderness ratio . 
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/
4= , h = depth of built up section and tw = 

thickness of web. 
 

B. Stiffened Elements-Webs 
Qa factor for the stiffened elements is determined by 

calculating h / tw and if   
yw F

E
t
h 49.1>   then web is known 

as slender web than Qa is computed by (5). 

A
A

Q eff
a =              (5) 

where Aeff is effective area for the stiffened element based 
upon the reduced effective width. Equation (6) and (7) give 
the values of effective width and area of stiffened element 
such as web of built up section. 
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The flexure design of slender built-up section is carried out 
using Section F of ANSI/ASCE 360-05 [12]. 
 

III. SECTION AND MATERIAL PROPERTIES 

A. Material Properties and Loading Conditions 
In order to establish relationships between flange local 

slenderness ratio and unbraced length ratio, a built-up 
member with 12m length is selected. This section is fully 
unbraced in major direction whereas in minor direction the 
unbraced length of member is varied in the interval of 2m, 4m, 
6m, 8m, 10m and 12m which corresponds to unbraced length 
ratio (Lb/L) of 0.167, 0.33, 0.5, 0.67, 0.833 and 1.0 
respectively. Hinged end conditions are taken on both ends of 
the member and an axial load of 2500kN with 900kN-m 
moment in major direction bending is considered. Fig. 3 
shows the member profile and directions of loading and 
Table I gives the material properties and loading conditions 
of built up steel used in this study. 

 
Fig. 3. Built up member profile.  

 
TABLE I: MATERIAL PROPERTIES AND LOADING CONDITIONS 

Property Value 

Yield strength of built up steel 345 MPa 

Ultimate Strength of built up steel 450 MPa 

Length of the member 12m 

Axial service load (P) 2500kN 

Service moment 900kN-m 

Kz  1.0 

Kx 1.0 

Ky 1.0 

 

B. Selected Slenderness Ratio 
Different flanges slenderness ratio are selected varying 

form a fully compact range 4 to a highly slender value of 
16.00. Similarly web slenderness ratios are also varied from 
37.50 to 266.67 as shown in Table II. Table II also gives the 
width of flange (bf), thickness of flange (tf), depth of built-up 
section (h) and thickness of web (tw). These values are 
carefully selected based upon the mostly used plate inventory 
of PEB structures. Required sizes of flange and web are cut 
from steel plates and joined together with the help of electric 
welding either on one or both sides of built up section. Fig. 4 
gives the details of a typical built up section.  

 
Fig. 4. Built up section profile.  

 
TABLE II: SELECTED FLANGE AND WEB SLENDERNESS RATIOS 

Flange slenderness ratio Web slenderness ratio 
bf  (mm) tf  (mm) bf / 2 tf h (mm) tw (mm) h / tw 

240 30 4.00 600 16 37.50

300 24 6.25 800 12 66.67

360 20 9.00 960 10 96.00

400 18 11.11 1200 8 150.00

450 16 14.06 1200 6 200.00

480 15 16.00 1600 6 266.67

 

IV. ANALYSIS RESULTS AND DISCUSSIONS 
Fig. 5 shows the graph between the flange slenderness and 

ratio of allowable load carrying capacity to the required 
service load (Pa/P). Pa is determined according to 
ANSI/AISC 360-05 [11] and depends upon the flange and 
web slenderness ratio whereas P is required load carrying 
capacity as given in Table I. All built up section are analyzed 
by varying their flange slenderness ratio from 4.00 to 16.00 
and keeping a fixed value of web slenderness corresponding 
to 800mm web depth and 12mm flange thickness which is a 
slender range of webs. Fig. 5 is plotted under pure 
compressive effects when no moments are acting on the 
members. Fig. 5 clearly indicates that for a given unbraced 
length by increasing the flange slenderness ration capacity 
increase up to an optimum value and then starts reducing. 
Similar trend is observed for almost all different unbraced 
length ratios. By increasing the unbraced length ratio the 
overall capacity of section also reduces. Even for a highly 
unbraced length member with ratio of Lb/L = 1.00 compact 
section reduces the capacity and slender flanges are 
advisable. 

 

 
 

Fig. 5. Variation of flange slenderness ratio for different unbraced length 
ratio under pure compression.  
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Fig. 6. Variation of flange slenderness ratio for different unbraced length 

ratio under pure bending.  
 

Fig. 6 shows the variation of Pa/P with respect to flange 
slenderness ratio for different unbraced lengths under 
bending. Similar type of trend is observed when the unbraced 
length ratio is very small such as 0.167 or 0.333 as there is no 
significant decrease in strength is observed.  It is due to the 
fairly good bracing conditions of built up steel section. It is 
also observed that for higher unbraced length ratios and 
flange slenderness ratios, the capacity of section becomes 
almost equal and curves starts overlapping on each other. In 
Fig. 6, flange slenderness ratios corresponding to the peak 
values of strength for a given unbraced length ratios are noted 
as in case of Lb/L =1.00 the optimum value of flange 
slenderness value is 15. Similarly the optimum values of 
flange slenderness are noted for all unbraced length ratios for 
bending and compression using Fig. 5 and Fig. 6. 

 
Fig. 7. Variation of web slenderness under compression and bending.  

 
Fig. 7 shows the variation of Pa/P with respect to web 

slenderness ratio for a constant unbraced length ratio of 0.834 
and a constant flange slenderness ratio of 14.06 which are 
corresponding to the conditions when member is overall 
slender and also having locally unstable flanges. Fig. 7 also 
shows that by increasing the web slenderness, bending 
capacity of section increase but compression capacity of 
section reduces. This effect is opposite for smaller values of 
web slenderness. At a slenderness ratio 66.66 the capacity in 
both of the cases becomes equal to each other. So, a designer 
should be careful for selection of web slenderness. He should 
understand that which effect is more dominant in a given 
steel structural member and should select the section 
accordingly.  

Fig. 8 gives the optimum values of flange slenderness for a 
given value of unbraced length ratio for both bending and 
compression. This curves shows that for smaller unbraced 
length ratios varying from 0.2 to 0.6, non-compact range of 
flange slenderness is preferable. As the unbraced length of a 
member increases, overall slenderness also increases which 

allows using flanges in slender range. From unbraced length 
ratio of 0.6 to 1.0 the use of slender flanges gives high 
strength at the rate of lower cost.  

 

 
Fig. 8. Optimum values of flange slenderness ratio with respect to unbraced 

length ratio.  
 

V. CONCLUSIONS 
Results of current study give the ultimate load carrying 

capacity of a wide range of sections with different values of 
flange slenderness ratio, web slenderness ratio and unbraced 
length ratio which control the overall slenderness ratio of a 
structural member. It is also observed that use of thin walled 
sections with a good theoretical background knowledge and 
understanding of variation of local slenderness ratio with 
respect to overall slenderness ratio may lead to a safe and 
highly economical design. This study shows that always the 
use of compact flanges and webs is not advisable as in case of 
higher unbraced length ratios the use of compact section even 
has adverse effect as shown in Fig. 5 and Fig. 6. It is also 
found that there is an interaction between the overall 
slenderness ratio and local slenderness ratio of built up 
section elements. For small unbraced length ratios the steel 
members with thick flanges are preferable whereas for high 
unbraced length ratio where overall slenderness ratio of the 
members governs the design, use of slender elements may 
lead to a good design with minimum weight of the section.  
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