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 Web crippling is a form of localized buckling that occurs at points of transverse 

concentrated loading or supports of thin-walled structural members. The theoretical 

computation of web crippling strength is quite complex as it involves a large number of 

factors such as initial imperfections, local yielding at load application and instability of 

web. The existing design provision in North American specification for cold-formed steel 

C-sections (AISI S100, 2007) to calculate the web-crippling strength is based on the 

experimental investigation. 

The objective of this research is to extend the direct strength method to the web 

crippling strength of cold-formed steel C-sections. 

 ABAQUS is used as a main tool to apply finite element analysis and is used to do 

the elastic buckling analysis. The work was carried out on C-sections under interior two 

flange (ITF) loading, end two flange (ETF) loading cases. Total of 128 (58 ITF, 70 ETF) 

sections were analyzed. Sections with various heights (3.5 in.to 6 in.) and various 

lengths (21 in. to 36 in.) were considered. Data is collected from the tests conducted in 

laboratory and the data from the previous researches is used, to extend the direct 

strength method to cold formed steel sections. Proposing a new design for both the 

loading cases and calculation of the resistance factors under (AISI S100, 2007) 

standards is done. 
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CHAPTER 1  

FACTORS AFFECTING THE WEB CRIPPLING RESISTANCE 

Cold-formed steel is used in buildings, automobiles, equipment and office 

furniture, storage racks, highway products, and bridges, etc. The use of cold-formed 

steel in the modern construction keeps on increasing due to its high durability, strength, 

light weight and excellent material consistency. Cold-formed steel members are usually 

thin members with large width-to-thickness ratios, easy of prefabrication and mass 

production. In construction industry cold-formed steel products can be classified into 

three categories: members, panels and fabricated assemblies. Typical cold-formed steel 

members such as studs, tracks, purlins, girts and angles are mainly used for carrying 

loads while panels and decks constitute useful surfaces such as floors, roofs and walls, 

in addition to resisting in-plane and out-of-plane surface loads. Usual shapes such as 

C‐sections, Z-sections, angles, hat sections, I-sections, T‐sections and tubular 

members of cold‐formed sections are generally used in structural framing. Width-to-

thickness ratios of cold-formed steel sections are relatively high compared to hot-rolled 

steel sections. This property of the cold-formed steel sections causes local buckling at 

stress levels lower than the actual yield stress of the steel. However, it is the 

redistribution of the stresses that allows the member to continue to carry loads after 

local buckling. The ability of the section to carry loads after local buckling is called post-

buckling behavior. Basically these failure modes can be identified as shear failure, web 

crippling, bending failure and failures resulting from the interaction of two or more of the 

above mentioned failure modes (Harrison and Bailey, 2003). Among these failure 
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modes, the web crippling is a significant failure mode that may be experienced by beam 

members under concentrated loads or reaction forces.  

Cold-formed steel members generally have large slenderness ratios, their webs 

may cripple due to high local intensity of load or reaction (Wing and Pian, 1946). Web 

crippling is defined as a local failure in the web (shear resisting) element(s) of a section 

due to a concentrated load as per (AISI S100, 2007). Web crippling is a complex 

problem for theoretical analysis because it is highly dependent on the load positioning, 

the section geometry, support conditions, and other member cross-section parameters.  

The investigation of web crippling behavior of cold-formed steel members started 

at Cornell University in the year 1939, under the direction of George Winter. The first 

American Iron and Steel Institute design specification was published in 1940s, while the 

first codes for cold steel design in Canada were issued in 1963. It was 1970s when the 

first European cold formed steel codes were published. 

Web crippling may occur in various loading cases; these loading conditions are 

defined based on the position of the load or reaction applied and depending on whether 

the web is loaded through a single flange or both flanges. Four basic loading conditions 

are defined by AISI specifications for a web crippling, namely end-one-flange (EOF) 

loading, interior-one-flange (IOF), end-two-flange (ETF) and interior-two-flange (ITF) as 

shown in figure 1. 
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 Interior one-flange (IOF)    End one-flange (EOF) 

 

End two-flange (ETF)    Interior two-flange (ITF) 

Figure 1: Loading cases. 

The web crippling strength of cold-formed steel sections is a function of number of 

variables such as section type, cross sectional parameters, bearing length, etc. Design 

equations in the specifications have been empirical formulas developed by curve fitting 

of experimental data. AISI S100, (2007) has a unified design expression with different 

coefficients for different section and loading types, AISI (1996) has different design 

expressions for different types of sections and loading cases, the Canadian Standard 

(S136-94) has one in unified design expression in with different coefficients for different 

section types and loading. In both of the standards the web crippling calculations are 
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based on unfastened specimens and are limited to the use of decks with certain 

geometric parameters. 

1.1 Section Geometry 

The following are the important factors which affect the web crippling of a cold-

formed steel C-section. (Baher and Beshara, 2000). 

Web crippling is affected by the degree of restraint of the web against rotation. Each 

section has different behavior characteristics. There are many geometric shapes, the 

following being the most common in the construction building industry. 

 

 I –sections 

 C-sections 

 Z-sections 

 Single hat sections 

 Multi-web sections (decks) 

 

Figure 2: Different types of cold-formed steel sections. 

The following parameters have an impact on the Web crippling resistance. 
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 Yield strength of steel (Fy) 

 Web thickness (t) 

 Inside bend radius(r) 

 Web height (h) 

 Angle between plane of web and plane of bearing surface (Θ) 

1.2 Load Cases 

The location of the load along the length of a cold-formed steel member significantly 

affects its web crippling capacity, hence it is important to know where and how a 

concentrated load is applied on a member (Beshara and M.Schuster 2003). The 

following are the combination of concentrated loads that can be classified by these four 

load cases. 

 Interior one-flange (IOF) 

 End one-flange (EOF) 

 End two-flange (ETF) 

 Interior two-flange (ITF) 

One-flange loading refers to a web crippling case where the crippled web section is 

subjected to a concentrated load being applied to just one flange. Two-flange loading 

refers to a web crippling case where the crippled web section is subjected to a 

concentrated load being applied to both the top and bottom flanges simultaneously. The 

IOF case is characterized by a concentrated load applied to one flange, either top or 

bottom, located anywhere within the span of the member. A concentrated load applied 
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to one flange, but located at the end of the member is the EOF case (James A. Wallace, 

2003). 

Two loads are applied in opposite directions to opposite flanges, and are applied 

within 1.5 times the height of the member from each other, and then two-flange loading 

occurs. If the loads are separated by a distance greater than 1.5 times the height then 

two separate one-flange loadings are said to occur. Similar to IOF and EOF cases, the 

ITF and ETF cases refer to a two-flange loading located somewhere within the span 

and a two-flange loading located at the end of the span. 

1.2.1 Section Geometry and Web crippling Coefficients 

Cold-formed steel allows a large variety of section geometries that can be 

fabricated with relative ease and economy. As the section geometry changes the 

resistance of the section also changes. It varies from C-section to Z-section, I-section 

etc. 

1.3 Bearing Length  

The length over which the load is distributed also has an influence on the web 

crippling resistance, the longer the bearing plate width, the larger the web crippling 

resistance; it also depends on the type of material used for the bearing plate.   
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CHAPTER 2 

RESEARCH OBJECTIVES 

The main objective of this research is to extend the direct strength method to be 

applicable to the web crippling strength of cold-formed C-sections subjected to end two 

flanges (ETF) and interior two flanges (ITF) loading. 

The present direct strength method is used to design the cold-form steel columns 

and beams. For beams a graph  
  

   
  vs.

     

  
  is drawn with all the data points and a 

curve is fitted with the points. 

Where My is yield strength 

 Mcr is elastic critical buckling 

 Mtest is the test data. 

This research work used the same idea and plot 
   

    
 vs. 

   

   
 ,graph and plot the 

data and try to fix a curve and generate a curve equation based on the direct strength 

method. 

Pny is yield strength which is             

Where Fy is the yield strength of C-section. 

Pcrw is elastic web crippling load which can be found using finite element analysis 

(ABAQUS software). 

Pnw is the nominal web crippling strength from the tests.  
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Tests are being conducted on unstiffened fastened end-two flange (ETF) loading 

and interior-two flange loading cases, data is collected. Pnw, the nominal web crippling 

strength from tests partial data collected as a part of the literature review from previous 

researchers as well as the data from the tests conducted in the laboratory at University 

of North Texas are used to plot the graph similar to the one shown, predict the web 

crippling strength for cold-formed steel C-sections. 

The study included on Web crippling failure testing (which is a compression test) 

of the different dimensional sections on an Instron machine, and finite element analysis 

using  ABAQUS software for all the sections including  available from the previous 

research data base. 

Applying the buckling mode analysis of the section and changing the length of 

section until influence of the web-crippling strength is felt. Calculating the values of Pt, 

Pny, and Pcrw for every loading case and recording them is done. Once the data is 

recorded applying DSM for the available data and developing a new equation is done. 

Plotting  
   

    
  vs. 

   

   
 graph using Matlab and developing a new equation from 

the graph obtained is done. Calculation of resistance factors as close as (AISI S100, 

2007) is achieved, mean and standard deviation is also calculated. 
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CHAPTER 3 

LITERATURE REVIEW 

3.1 Existing Research 

The purpose of this chapter is to provide the background about the existing 

analytical and experimental studies of the web crippling strength of web plates. 

Numerous research reports and publications were reviewed in the initial phase of this 

study. A brief review of the history of analytical and experimental studies is presented, 

as well as the present North American design criteria for determining the Web crippling 

strength at last. 

The study of web crippling behavior of cold-formed steel flexural members started in 

1940s (Winter and Pian, 1946). Most of the research work that has been done on this 

area is based on experimental studies and the results have been used to develop the 

design formulae for calculation of web crippling strength. There have been some studies 

carried out on the theoretical analysis of web crippling behavior despite the fact that it is 

extremely complicated because it involves the following factors. 

 Non-uniform stress distribution under the applied load 

 Elastic and inelastic behavior of the web element 

 Local yielding in the immediate region of load application 

 Bending produced by eccentric load when it is applied on the bearing flanges at a 

distance beyond the curved transition of the web 

 Initial out-of-plane imperfection of plate elements 

 Various edge restraints provided by beam flanges and interaction between 

flanges and web elements 
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Research on web crippling strength of cold-formed steel members was started 

in1939 at Cornell University by Winter and Pian (1946) and they carried out web 

crippling tests on I-sections and developed the following web crippling equations for I- 

sections. 

For end-one flange (EOF) loading case: 

Pult =    
          

 

 
  

For interior-one flange loading case: 

Pult =    
          

 

 
  

Where  

Pult = ultimate web crippling load per web 

Fy = yield strength of steel 

h = clear distance between flanges measured in the plane of the web 

N = bearing length to thickness ratio  

t = thickness of web 

The range of parameters of these tests was, 30 < h/t < 175, 7 < n/t < 77 and 30ksi<Fy< 

39 ksi. 
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 a) double web    b) single web 

Figure 3: Winter sections (Winter and Pian 1946). 

Many tests were conducted at Cornell University on cold-formed beams during 

1950s on single unreinforced webs (hat and u-sections).It was concluded from these 

studies that the web crippling resistance of cold-formed steel members is a function of 

h/t, R/t, N/t and Fy. 

The following equations were derived for cold-formed steel sections with 

unreinforced webs by Macdonald at Cornell University in 1953 (Macdonald and 

Heiyantuduwa, 2003). 

i) For end reactions and for concentrated loads on outer ends of cantilevers: 

For R/t ≤ 1 

Pult=
   

 

   
                       

 

 
      

 

 
          

For 1<R/t≤4 

(Pult) 1 =             
 

 
  (Pult) 

ii) For reactions at interior supports or for concentrated loads : 

For R\t ≤ 1 
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Pult =
   

 

   
                        

 

 
      

 

 
         

For 1<R\t≤4  

(Pult) 1 =            
 

 
  (Pult) 

Where 

P = ultimate computed web crippling load per web 

Fy= yield strength 

t = thickness of the web 

k = Fy(ksi) /33 ; 

 Fy(N/mm2) /228 

N = bearing length of load 

h = flat dimension of web measured in plane of web 

H = web slenderness ratio, h / t 

R = inside bend radius 

Baehre (1975) tested unreinforced multi web hat sections under interior one 

flange loading at the Royal Institute of Technology, Sweden, found the web inclination, 

θ, shown in figure 4 to be an important factor that influences web-crippling strength and 

developed the following relationship for the ultimate load at intermediate supports 

(Baehre,1975): 
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Figure 4: Influence of angle on sections. 

Pult=      
                    

 

 
         

 

 
       

 

  
 
 

  

Where: 

Pult= computed ultimate web crippling load per web 

Fy= yield strength 

t = thickness of the web 

h = clear distance between flanges measured in the plane of the web 

H = web slenderness ratio, h / t 

k = Fy(ksi) /49.3 

N = bearing length of load 

R = inside bend radius 

θ = angle between the plane of the web and plane of bearing surface 

The ranges of parameters in this study were: 

h/ t < 170 

R / t < 10 

50° <θ < 90° 
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An experimental study was carried out by Hetrakul and Yu at the University of 

Missouri at Rolla (UMR) in the year 1973. Based on the Cornell test data and the tests 

conducted at UMR, modified web crippling design equations were proposed by Hetrakul 

and Yu (1978). 

For interior one flange loading (IOF) (for stiffened and unstiffened flanges) 

i. Pult =
   

 

   
                            

 

 
    

If N\t>60, then           
 

 
   may be increased to                

 

 
   

ii. For end one flange loading, EOF 

For stiffened flanges: 

Pult =
   

 

   
                             

 

 
    

If N\t>60, then           
 

 
   may be increased to               

 

 
   

For unstiffened flanges: 

Pult 
   

 

   
                           

 

 
    

If N\t>60, then           
 

 
   may be increased to               

 

 
   

iii. For interior two flange loading, ITF(for stiffened and unstiffened flanges) 

Pult=
   

 

   
                             

 

 
    

iv.   For exterior two flanges loading, ETF (for stiffened and unstiffened flanges) 
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Pult ==
   

 

   
                            

 

 
    

Where: 

Pult= computed ultimate computed Web crippling load per web 

Fy= yield strength of steel 

t = thickness of the web 

k = Fy(ksi) /33 

C1= (1.22-0.22k) 

C2= (1.06-0.06R/t) 

C3= (1.33-0.33k) 

C4= (1.15-0.15k) 

h = clear distance between flanges measured in the plane of the web 

H = web slenderness ratio, h / t 

N = bearing length of load 

R = inside bend radius 

The ranges of parameters in this study were: 

θ = 90° 

33 <Fy< 54 ksi 

45 <h / t < 258 

1 <R / t < 3 

11 <N / t < 140 
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As the modified Web crippling equations based on Cornell and UMR test data 

were limited by vertical webs, and by small R/t and N/t ratios, the suitability of these 

equations was not certain for every cross section. 

Wing (1981) carried out an extensive study on Web crippling and the 

combination of Web crippling and bending of multi-web cold-formed sections at the 

University of Waterloo. All of the members were fastened to the support locations and 

new Web crippling equations were derived for all loading cases except for the one end 

flange loading case (Wing, 1981). 

Interior one flange loading case IOF: 

Pw =16.6t2 Fy (Sinθ) (1-0.000985H)           
 

 
           

 

 
            

ii)  Interior two flange loading, ITF 

Pw =18t2 Fy (Sinθ) (1-0.00139H)           
 

 
            

 

 
           

iii). End two flange loading, ITF 

Pw =10.9t2 Fy (Sinθ) (1-0.0020H)           
 

 
           

 

 
            

Where: 

Pw= computed ultimate computed Web crippling load per web 

Fy= yield strength of steel 

t = thickness of the web 

k = Fy(ksi) /33 

h = clear distance between flanges measured in the plane of the web 

H = web slenderness ratio, h / t 
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N = bearing length of load 

R = inside bend radius 

θ = angle between the plane of the web and plane of bearing surface 

The ranges of parameters in Wing’s study were: 

h/ t < 200 

R / t < 10 

Studnicka conducted an extensive experimental study on Web crippling 

resistance of multi-web cold-formed steel sections at Czech Technical University, 

Prague, Czechoslovakia. By using Canadian 1984 (S136-94) expressions for interior 

loading conditions satisfactory conformity was obtained (Studnicka, J. 1990). 

The effect of the flange restraint was investigated in an experimental study by 

Bhakta, LaBoube and Yu (1992). Z-sections, multi-web roof and floor deck sections, 

channel sections and I-sections were tested under end one flange and interior one 

flange loading. When the flanges were fastened to the support locations, there was an 

average increase of 37% in the Web crippling resistance of long span roof decks while 

the increase in Web crippling resistance of floor decks was around 20% under one 

flange loading. On the other hand, there was almost no increase in Web crippling 

strength of channel and I-sections when they are subjected to either end one flange or 

interior one flange loading. The Web crippling strength of Z-sections fastened to 

supports was increased 30% under end one flange loading and 3% under interior one 

flange loading (Bhakta, LaBoube and Yu 1992). 
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Figure 5: Pattern for I-section specimens (LaBoube and Yu 1992). 

Parabakaran in the year 1993 did a statistically based study on Web crippling of 

cold-formed steel members at the University of Waterloo. The available experimental 

data in the literature were used to derive one unified expression to calculate web-

crippling capacity of cold-formed steel sections (Parabakaran.K, 1993). 

Pn= Ct2 Fy (Sinθ)       
 

 
       

 

 
       

 

 
  

Where: 

Pn= nominal computed ultimate computed Web crippling load or reaction per web 

Fy= yield strength of steel 

t = thickness of the web 

C = coefficient from tables 

θ= angle between the plane of the web and plane of bearing surface 

CR= inside bend radius coefficient 

CN= bearing length coefficient 

Ch= web slenderness coefficient 

R = inside bend radius 

N = bearing length of load 
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h = clear distance between flanges measured in the plane of the web 

The range of Parameters studies by Prabakaran 

For I-sections and sections having single webs: 

h/ t ≤200 

N / t ≤ 200 

R / t ≤4 

N / h ≤1 

For multi-web sections: 

h/ t ≤200 

N / t ≤ 200 

R / t ≤10 

N / h ≤ 2 

Cain, LaBoube and Yu (1995) conducted an experimental study on Z-sections 

under end one flange loading and I-sections under interior one flange loading. Based on 

these tests it was found that AISI (1986) expressions were conservative for the Web 

crippling capacity of unfastened Z sections under end one flange loading, and also for 

fastened and unfastened I-sections under interior one flange loading. 

In an experimental study at the University of Waterloo, Gerges (1997) developed new 

parameter coefficients for Parabakaran’s expression for C-sections subjected to end 

one flange loading. 

C = 4.70 

CR= 0.0521 (inside bend radius coefficient) 

CN= 0.165 (bearing length coefficient) 



  

20 
 

CH= 0.0221 (web slenderness coefficient) 

The specimens were all fastened to the supports in this study. 

3.2 AISI Specification 

 The normal web crippling strength [resistance], Pn shall be determined in 

accordance with the equation shown below (AISI 2007 S100). As per AISI Standard 

S100-07 the equation used for web crippling is the one developed by Prabakaran. 

Pn= Ct2 Fy (Sinθ)      
 

 
       

 

 
       

 

 
  

Pn= nominal computed ultimate Web crippling load or reaction per web using new 

expression 

C = coefficient from the Table 1 

CH = web slenderness coefficient   

CN = bearing length coefficient   

CR= inside bend radius coefficient   

Fy = yield strength of steels 

h = flat dimension of web measured in plane of web 

N = bearing length to thickness ratio, n/t 

n = bearing length of load 

R = inside bend radius to thickness ratio, r/t 

r = inside bend radius 

t = web thickness 

ϴ= angle between plane of web and plane of bearing surface 

Alternatively, for an end one flange loading condition on C- section with overhang(s) 



  

21 
 

Pnc=αPn 

Where P 

Where Pnc=nominal web crippling strength of C- section with overhangs(s) 

α=   
     

  
 
 
    

       
 

 
      

  ≥ 1.0 

Where 

L0= Overhang length measured from the edge of bearing to the end of the member. 

PN=Nominal Web crippling strength with end one flange loading. 

C-Sections when h/t ≤ 200, N/t ≤ 210, N/h ≤ 2.0 and θ= 90 
 
Table 1: AISI Single web Channel and C-Sections coefficients (AISI S 2007) 
 

Support and 
flange Conditions 

Load Cases C CR CN Ch USA and 
Mexico 

Canad
a 
LSD 
 

Limit
s 

ASD LFR
D 

 

Faste
ned to 
suppo
rt 

Stiffened 
or 
partially 
stiffened 
flanges 

One-
Flange 
loading 
or 
Reactio
n 
 

End 4 0.14 0.35 0.02 1.75 0.85 0.75 R/t 
≤9 

Interior 13 0.23 0.14 0.01 1.65 0.90 0.80 R/t 
≤5 

Two 
End 
Flange 
loading 
or 
Reactio
n 

End 7.
5 

0.08 0.12 0.04
8 

1.75 0.85 0.75 R/t 
≤12 

Interior 20 0.10 0.08 0.03
1 

1.75 0.85 0.75 R/t 
≤12 

Unfas
tened  

Stiffened 
or 
partially 
stiffened 
flanges 
 

One-
Flange 
loading 
or 
Reactio
n 

End 4 0.14 0.35 0.02 1.85 0.80 0.70 R/t 
≤5 

Interior 13 0.23 0.14 0.01 1.65 0.90 0.80 R/t 
≤5 

Two-
Flange 

End 13 0.32 0.05 0.04 1.65 0.90 0.80 R/t 
≤3 
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Loading 
or 
reaction 

Interior 24 0.52 0.15 0.00
1 

1.90 0.80 0.65 R/t 
≤3 

Unstiffen
ed 

One-
Flange 
Loading 
or 
Reactio
n 

End  4 0.40 0.60 0.03 1.80 0.85 0.70 R/t 
≤2 

 

   Interior 13 0.32 0.10 0.01 1.80 0.85 0.70 R/t 
≤1 

Two-
Flange 
Loading 

or 
Reactio

n 

End 2 0.11 0.37 0.01 2.00 0.75 0.65 R/t 
≤1 

Interior 13 0.47 0.25 0.04 1.90 0.80 0.65 R/t 
≤1 
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CHAPTER 4 

DIRECT STRENGTH METHOD 

The direct strength method is a new design procedure for cold-formed steel 

members, it was formally adopted in North America design specifications in the year 

2004 (Schafer, 2008). The classic design methods for cold-formed steel members 

formally available in design specifications in North America are the traditional effective 

width method, also known as the unified method or the main specification method, and 

the direct strength method (Schafer, 2008). The effective width method is available, in 

some form, nearly world-wide for formal use in design, while the direct strength method 

has only been adopted in North America, and Australia/New Zealand. 

4.1 Effective Width Method  

The classic for the effective width method is that local plate buckling leads to 

reductions in the effectiveness of the plates that comprise a cross-section. This 

reduction from the gross cross-section to the effective cross-section for a beam as 

illustrated in figure 6 is fundamental to the application of the effective width method 

(Schafer, 2008). The effective cross-section provides a clear model for the locations in 

the cross-section where material is ineffective in carrying load, cleanly leads to the 

notion of neutral axis shift in the section due to local-buckling, provides an obvious 

means to incorporate local-global interaction where reduced cross-section properties 

influence global buckling. 
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Figure 6: Effective section of a C-section in bending (Schafer, 2008). 

The disadvantages of the effective width method are that the computation 

procedure becomes long for members having complex cross-sections, such as lipped 

channel sections with additional return lips (Yu and Young, 2003). The effective width 

method considers each element of a cross section separately and analyzes the flange 

and web in insulation by ignoring the rotational restraints provided by the adjacent 

elements. The effective width method is a useful design model, but it is intimately tied to 

classical plate stability, and in general creates a design methodology that is different 

enough from conventional (hot-rolled) steel design that it may impede use of the 

material by some engineers in some situations. 
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4.2 Direct Strength Method  

 The direct strength method is a new design procedure for cold-formed steel 

member design. The fundamental idea behind the direct strength method is the 

accurate member elastic stability, it is calculated when all of the elastic instabilities for 

the gross section (i.e., local, distortional, and global buckling) and the load (or moment) 

that causes the section to yield are determined, then the strength can be directly 

determined.  

The information that is required is the elastic buckling loads in global (Pcre), local 

(Pcrl), and distortional (Pcrd) buckling, along with the squash load (Py), provide the 

strength of cold-formed steel sections. The easiest means for finding the elastic 

buckling loads is the use of the freely available, open source, Software, CUFSM. This 

direct strength method is at present in existence for beams and columns. 

4.3 Direct Strength Methods for Beams 

The direct strength method occurrence was closely coupled to the development 

of the method for beams, in particular application of the large database of two sections 

of problems: distortional buckling in C- and Z section beams, and local and distortional 

buckling in deck sections with multiple longitudinal intermediate stiffeners in the 

compression flange. The form of the presentation of the direct strength method for 

beams evolved somewhat from direct strength prediction of the cold-formed steel 

members using numerical elastic buckling solutions.  

The basic idea of this research is to develop a new curve using direct strength 

method and to predict the web crippling strength of C-sections. Theoretical advantages 

of the DSM approach include: an explicit design method for beams and columns, it 
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includes interaction of elements; DSM explores and includes all stability limit states. 

Philosophical advantages to the DSM approach: encourages cross-section optimization, 

provides a solid basis for rational analysis extensions, potential for much wider 

applicability and scope, and engineering focus is on correct determination of elastic 

buckling behavior, Instead of on correct determination of empirical effective widths. 

Beam Design: 

The nominal flexural strength, Mne, for lateral- torsional buckling is 

For Mcre< 0.56My     Mne= Mcre 

For 2.78My ≥ Mcre  ≥ 0.56My  Mne = 
  

 
     

    

      
  

For Mcre >2.78My     Mne = My  

Where My = SfFy, where Sf is the gross section modulus referenced to the extreme fiber 

in first yield. 

Mcre= Critical elastic lateral-torsional buckling moment 

Local Buckling   

The nominal flexural strength, Mnl, for local buckling is 

For λl≤0.776 Mnl = Mne 

For λl> 0.776 Mnl =         
    

   
 
   

  
    

   
 
   

    

Where λl=  
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    = Critical elastic local buckling moment 

Distortional Buckling 

The nominal flexural strength, Mnd, for distortional buckling is  

  For λd ≤ 0.673 Mnd= My 

  For λd< 0.673 Mnd =         
    

  
 
   

  
    

  
 
   

   

Where  

  λd=  
  

    
 

  Mcrd= Critical elastic distortional buckling moment 

4.4 Direct Strength Method for Columns 

 The beginning of the direct strength method for columns can be traced to 

research into distortional buckling of rack post sections at the University of Sydney. 

Using a much wider set of cold-formed steel cross-sections and tests that included 

failures in local, distortional, and global flexural or flexural-torsional modes development 

of the direct strength method beyond distortional buckling was completed.  Interaction 

between the modes was systematically studied. Based on the experimental data it was 

concluded that local-global interaction was strong and must be included, but inclusion of 

local-distortional and distortional-global interactions lead to overly conservative 

solutions and were thus not recommended for inclusion. 
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For the local failures the normalization of Ptest is to Pne, the maximum strength 

due to global buckling (thus reflecting local-global interaction), while for distortional 

buckling the normalization of Ptest is to Py, the squash load of the column. 

4.4.1 Column Design 

The nominal axial strength Pn, is the minimum of Pne, Pnl, Pnd. 

Flexural, Torsional, or Torsional-Flexural Buckling  

The nominal axial strength, Pne, for flexural or torsional-flexural buckling is 

For λc ≤ 1.5 Pne =        
 
 Py 

For λc> 1.5 Pne =  
     

  
   Py 

Where  λc =  
  

    
 

Py = AgFy 

Pcre = Minimum of the critical column elastic column buckling load in flexural, torsional, 

or torsional-flexural buckling. 

Local Buckling 

The nominal axial strength, Pnl, for local buckling is 

For λc ≤ 0.776 Pnl = Pne 

For λc> 0.776 Pnl=        
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Where λl =  
   

    
 

 Pcrl = critical elastic local column buckling load 

Distortional Buckling 

The nominal axial strength, Pnd, for distortional column buckling is  

For λd≤ 0.561 Pnd =Py 

For λd> 0.561 Pnd0.561  

Pnd=        
    

  
 
   

  
    

  
 
   

    

Where λd  =  
  

    
 

Pcrd = critical elastic distortional column buckling load 
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CHAPTER 5 

EXPERIMENTAL STUDY 

5.1 General Introduction 

 Experimental study is carried out at University of North Texas during spring 2012. 

Research focus is made on the data from the literature survey and the data from the 

experiments. The sections below explain the experimental setup and test specimens 

and specifications of the specimen. 

5.2 Test Specimen Description 

 Test specimens used are in the American iron and steel institute standards in all 

the geometric parameters range. Coupon tests were conducted to calculate the yield 

and ultimate strength. The materials used are 54 mil and 43 mil thicknesses and 

unstiffened.   

 Table: 2 Test Matrix for specimens under ITF loading Case 

Sections Thickness(in) Radius(in) Height(in) Length(in) 

C-54-ITF-24 0.054 0.02213 6 24 

C-43-ITF-24 0.043 0.02213 6 24 

 

Table 3: Test Matrix for all specimens under ETF loading case 

Sections Thickness(in) Radius(in) Height(in) Length(in) 

C-54-ETF-24 0.054 0.02213 6 24 

C-43-ETF-24 0.043 0.02213 6 24 
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5.3 Material Properties  

ITF and ETF loading case testing were done in the laboratory and following are 

the material properties of the sections. 

0.0849 in. sections had a yield stress of 54.31 ksi and ultimate tensile strength of 

74.12 ksi, whereas for the section with a thickness of 0.0712 in. has a yield stress of 

54.8 ksi and ultimate tensile strength of 74.42 ksi. 

5.3 Test Setup and Experimental Procedure 

 The specimens were simply supported at both ends and loaded at the center of 

top flanges through a steel plate with 2.5 in. bearing length. The flanges of the 

specimens were bolted to the loading plate. The two C-sections were connected by two 

steel tubes at both ends and three steel angle bracings (two on top, one at the middle of 

bottom flanges). ½ in. diameter ASTM A490 bolts were used to connect the steel tubes 

to the C-section members, and No. 12 self-drilling screws were used to attach the steel 

angles to the specimens. The use of steel tubes and angles was to prevent undesired 

mode of failure from happening, and ensure web crippling failure occur under the center 

point load.  

For ITF test setup two identical C-section members were connected by four steel 

angles using No.12 self-drilling screws. Two 2.5in. wide steel plates were placed at the 

center of the specimens, one on the top flanges and the other on the bottom flanges. 

The bottom and top flanges of the two members were bolted to the steel plates 

respectively. The ITF load case investigated the web crippling failure occurring at the 

center of the C-sections with a bearing length of 2.5 in. figure 7 shows the test setup. 
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Figure 7: Test setup for ITF. 

 Two identical C-section members were connected by four steel angles and two 2.5in. 

wide steel plates on the flanges. The specimens were supported at both ends and 

loaded at the top flanges on one end through a 2.5in. wide steel plate. The ETF load 

case investigated the web crippling failure of the C-section members at the end is the 

test setup for ETF and is shown in figure 8. 

 

Figure 8: Test setup for ETF. 
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5.4 Test Results 

The progression of crippling on the webs of the specimens initiated at an interior 

web followed by the outer webs as the load increased. The crippling of the webs caused 

deformation on the tension flanges of the specimens and moved the tension flanges 

upwards. 

  

 

Figure 9: Web crippling test on cold-formed steel. 

The Figure 9 is the plot generated from Web crippling test for typical specimen with a 

maximum compressive load of 2.623 kips. 

 

Figure 10: Web crippling test on cold-formed steel.   
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Figure 10 represents the plot of web crippling generated from web crippling 

testing on specimen 4 done at laboratory with a maximum compressive load of 1.8321 

kips. 

The maximum load carried by each specimen was recorded as the web crippling 

strength of the section. Yield strength and web crippling strength, thickness of the 

sections, flange width and all the geometric specifications of the sections were recorded 

and are shown in table 4. 

Table 4:  Experimental studies on C-sections in laboratory   

Sections 
n 
(in.) t (in.) Fy (ksi) Fu (Ksi) r (in.) 

h 
(in.) L (in.)  Pt (in.) Pcrw (ksi) 

C-54-ITF-24 2.5 0.054 54.31 74.12 0.022 6 24 2.623 2.524 

C-43-ITF-24 2.5 0.043 54.36 74.12 0.022 6 24 1.085 2.2322 

C-54-ETF-
24 2.5 0.054 54.8 74.42 0.022 6 24 4.695 1.31 

C-43-ETF-
24 2.5 0.043 54.8 74.14 0.022 6 24 1.8321 1.338 
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CHAPTER 6 

FINITE ELEMENT ANALYSIS 

6.1 Introduction 

 All the C-sections available in the data base from previous researches and from 

the testing did in the laboratory are modeled in ABAQUS (finite element analysis tool). 

Total ITF sections modeled and analyzed were 58 and ETF sections were 70. 

All 128 sections were model drafted and analyzed in by applying the elastic buckling 

analysis.  

Generalized steps followed to draft and run the finite element analysis (FEA) 

6.2 Finite Element Modeling 

 ABAQUS is used as a tool to run and analyze all the C-sections. The following 

section explains important information such as element type, material properties, mesh 

size, boundary conditions etc. 

  Unstiffened fastened C-sections (both ITF and ETF) the element type used is 

homogeneous, shell and for the bearing plate the element type used was homogeneous 

solid. 

 Material properties: For C-section Young’s Modulus is 29500 ksi and for bearing 

plate the value is 99999 ksi. Poisson’s ratio for both the elements is 0.3. 

Once material properties are assigned to the sections, then they are assembled in such 

a way that the top and bottom flanges of the C-section are tied to the bearing plates. 

 Mesh size: Global size of 0.5 is applied to all the sections. 
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 The procedure type followed was linear perturbation with buckle mode analysis. 

Number of Eigen values requested was 30 and the maximum numbers of 

iterations were 30. 

 Load and boundary conditions: Load of one unit negative Y-axis (downwards 

compression force) is applied at the center of the bearing plate.  

 Top flange of the section is constrained to move only in Y-direction, the bottom 

flange is restricted to move in all directions, rotational as well. 

 For top Flange UX=UZ=0, UR1=UR2=UR3=0 

 For bottom flange UX=UY=UZ=0, UR1=UR2=UR3=0 

 

Where  

  UX- Movement in X-direction. 

  UY-Movement in Y-direction 

  UZ-Movement in Z-direction 

    UR1-Rotational Movement in X-direction. 

  UR2-Rotational Movement in Y-direction. 

  UR3-Rotational Movement in Z-direction. 

 Once the job is run in ABAQUS it generates the INP file. The generated INF file 

is modified such that the section is allowed to downwards with exact crippling mode 

analysis. 

Unstiffened fastened Interior Two flange loading case. 

6.3 Interior Two Flange Loading Case (ITF) 

Geometric specifications of the model 
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Thickness-0.0849in (2.15646mm) 

Height -6in. (152.4mm) 

Radius-0.2213in. (5.62102mm) 

Thickness of Bearing Plate-2.5in. (30mm) 

Length -24in. (600mm)  

Figure 11 is the web crippling analysis of the interior two flange (ITF) loading 

case done at University of North Texas.

 

Figure 11: Assembled C-Section with ITF loading case. 

The model shown in figure 12 is a specimen tested in the laboratory which is 

having a thickness of 0. 0849 in. and an inside bend radius of 0.221 in. Once the 

section is created it is extruded up to a length of 24 in. and the section properties are 

assigned and assembly is done. Meshing, load and boundary constraints are applied so 

as to get the desired crippling (failure) analysis. 
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Figure12: Web crippling of the C-section at Mode 1. 

The figure12 is the plot contoured on deformed shape of web crippled section. 

Influenced zone at mode 1which is most likely to occur is shown. 

 

Figure13: Web crippling of the C-section at Mode 2. 
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Figure 13 is the web crippling section influenced zone at mode 2 with a Pcrw 

20.329kN. The figure shows clearly that the influence of the section changes its 

direction on both sides. 

 

Figure 14: Web crippling of the C-section at Mode 3. 

Mode 3 has a different variation than the previous mode; influenced zone is on the 

same side    

6.4 End Two Flange (ETF) Loading Case 

End two flange loading case is same as the interior two flange loading case. 

Material properties are defined and applied to the sections, section thickness and 

young’s modules and Poisson ratio are entered, and section assignments are done. 

Young’s Modulus models  used are 29500 ksi and for bearing plate is 99999 ksi, as it 

has to withstand without getting deformed under load application. Poisson ratio for C-
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sections and bearing plate is 0.3. Assembly of the C-section to the bearing plates is 

done in the assembly section. 

Bearing plates are tied to the top and bottom flange using tie constraint and a 

point load is applied on the middle of the bearing plate. 

The section is restricted such that it is allowed to move only in Y-direction and 

boundary conditions are applied in displacement and rotational as well. Meshing of the 

sections with an approximate global size of 0.5 and then job is run. INP file generated 

by the ABAQUS model is modified in such a way that it is allowed to move in X and Y- 

directions. 

Geometric specifications of the model: C-section 

Thickness-0.0849 in. (2.15646mm) 

Height -6 in. (152.4mm) 

Radius-0.2213 in. (5.62102mm) 

Thickness of Bearing Plate-2.5 in. (63.5mm) 

Length -24 in. (600mm) 

Figure 15 is the web crippling analysis of a C-section under End Two Flange (ETF) 

loading case. 

This model is tested and analyzed in University of North Texas laboratory. 
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Figure 15: Assembled C-Section with two flanges ETF case. 

The section shown in figure16 is a specimen tested in the laboratory which is 

having a thickness of 0. 0849 in. and an inside bend radius of 0.2213 in. Once the 

section is created it is extruded up to a length of 24 in. and the section properties and 

assembly is done. Bearing plate is tied to the both flanges using the interaction module; 

Meshing and loading constraints are applied so as to get the desired crippling (failure) 

analysis. After running the job an INP file is generated which can be modified to make 

the section move as per the requirements.  
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Figure 16: Web crippling zone at Mode 1 ETF. 

 

Figure16 is the plot contoured on deformed shape of web crippled section. 

Influenced zone with a Pcrw mode 1which is most likely to occur is shown. As the load 

applied on the end of the section the Web crippling strength is less as compared to the 

interior loading case. 
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Figure17: Web crippling influenced is at Mode 2. 

The figure17 represents the web crippling of a C-section at mode 2 of an ETF 

loading case. The influenced area is shown clearly with Pcrw, which occurs less frequent 

than mode1.

 

Figure 18: Web crippling influenced zone are at Mode 3. 

Figure 18 represents the web crippling of a C-section under ETF loading case.     
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CHAPTER 7  

ANALYTICAL STUDY 

7.1 Calculation of Web Crippling Strength Using AISI Specification 

For each specimen the web crippling strength of the C-sections for interior two 

flange (ITF) and end two flange (ETF) loading cases were calculated using AISI (2007) 

specification.  

The following is the equation form AISI 2007 specification. 

Sample calculation for end two flange loading (ETF) case with 54mil thick section. 

Pn= Ct2 Fy (Sinθ)      
 

 
       

 

 
       

 

 
  

Where  

C=7.5   t=0.0849 in. 

θ=90   FY=54.36 ksi 

CR=0.08  R=0.2213 in. 

CN=0.12  N=0.984252 in. 

Ch=0.048  h=1.41732 in. 

Pn=2.546 kips 

The dimensions mentioned above are the measured dimensions used in Web crippling 

test. 

7.2 Direct Strength Method for Web Crippling Equation for C-Section 

The concept of the direct strength method of columns and beams is integrated 

into C-sections and below shown are the sample calculation for a section. 
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All C-sections from the tests done and from the previous researches are recorded as a 

part of data base. 

Using ABAQUS sections are modeled and Pcrw values are obtained. Based on 

the concept from direct strength method same methodology is applied to develop a new 

equation for web crippling strength. 

Sample calculation: 

 
   

    
  Vs. 

  

   
 

Pny              

     = From ABAQUS 

   = From the tested specime. 

For interior two flange (ITF) for section C-120-7-30-ITF 

Where   n=0.98 in. 

 Fy =48.15 ksi 

 t= 0.05708661 in. 

 Pny= 0.98 × 48.15 ×0.0571=2.7 kips per web 

 Pcrw =4.86 kips 

 Pt = 10.7 kips 

   

    
=0.66 

 
   

    
 = 0.812 
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= 3.3 

Plotting these values on a graph and developing a new equation using linear regression 

is done. 

The equation developed was: 

             
   

    
            ----------------- (1)  

Mean = 1.15 

Standard deviation (STD) =0.3 for equation 1 

For end two flange (ETF) loading case: 

 

Sample calculation: 

 
   

    
 Vs. 

  

   
 

 

 ny =            

 crw = From ABAQUS 

Pt= from the tested specimen. 

For end two flange (ETF) for section C-120-7-30-ETF 

Where   n=0.98 in. 

 Fy =48.15 ksi 

 t= 0.05708661 in. 

 Pny= 0.98 × 48.15 × 0.0571=2.7 kips per web 
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 Pcrw =1.8644 kips 

 Pt = 3.84 kips 

   

    
=1.1538 

 
   

    
=1.074 

  

   
= 2.36 

 

Plotting these values on a graph and developing a new equation is done. 

The equation developed was: 

           
   

    
         ----------------- (2)  

Mean = 1.23 

Standard deviation (STD) =0.2 of equation (2) 

So the above derived equations are the new equations developed for web crippling of 

cold-formed C-sections. 

7.3 Calculation of Resistance Factors  

Any structural performance which is required to be established by tests shall be 

evaluated in accordance with the following performance procedure: 

i. Evaluation of the test results shall be made on the average test results. 

ii. The strength of the tested elements, assemblies , connections or members 

must satisfy  
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∑γiQi≤ ФRn for LFRD 

ФRn≥ ∑γiQi for LSD  

Where ∑γiQi = required strength based on most critical load combination, γi, Qi   are load 

factors and load effects. 

Ф = Resistance factor 

 = Cϕ (MmFmPm) 
     

    
      

    
 

 

Where 

βo = Target reliability index = 2.5 for LRFD and 3 for LSD 

CΦ = Calibration coefficient = 1.52 for LRFD and 1.42 for LSD 

Mm =Mean value of material M from tables 

Fm =Mean value of fabrication factor 

Pm =test-to-predicted mean 

VF =Coefficient of variance of fabrication factor 

VQ = Coefficient of load effect 

      = 0.21 

VM=Coefficient of variance of material factor 

 VP = Coefficient of variance of test-to-predicted ratio 

Resistance factor calculations for ETF and ITF loading case of a cold formed C-section 

for web crippling. 

Sample calculation for ITF: 

Ф= Cϕ (MmFmPm) 
      

    
      

    
 

 

Where 
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βo = Target reliability index = 2.5 for LRFD  

 CΦ = Calibration coefficient = 1.52 for LRFD 

 Mm =1.1 

 Fm =1 

 Pm =test-to-predicted mean=1.27 

 VF =0.05 

 VQ = 0.21 

VM=0.1 

 VP = Coefficient of variance of test-to-predicted ratio=STD/Mean=0.32 

 So by calculating the resulting resistance factor is 0.849 which is close to the 

AISI standard specifications of 0.85 for unstiffened and fastened ITF loading case. 

And for the end two flange (ETF) loading case the resistance factor is 0.8301 which is 

close to AISI standard specification 0.85 for unstiffened and fastened ETF loading case. 

7.4 Calculation of Safety Factor 

Allowable strength design (ASD) 

The allowable strength can be calculated as 

R=
  

 
 

Where 

 Rn= Average value of all test results 

 Ω= Safety factor   =
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 Where 

 Ф= resistance factor 

ITF loading case: 

           Resistance factor (Ф) = 0.849 

         Safety factor (Ω) = 1.884 

ETF loading case: 

          Resistance factor (Ф) = 0.85 

         Safety factor (Ω) = 1.8823 

Linear regression is used to plot the data and to fit the direct strength curve to the 

available data. 
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Figure 19: ITF Plot of data points. 

 Figure 19 is the plot of the data points and the best curve fitting to the data 

available. This curve is plotted with a mean of 1.15 and a standard deviation of 0.3 and 

the resistance factor of the sections are based on these values. 

 Data from previous researches and data collected from the tests done at 

University of North Texas, Denton laboratory is the actual web crippling strength of the 

cold-formed steel C-sections, these sections are modeled in ABAQUS and the Pcrw is 

recorded. By using the direct strength method, graph is plot by using linear regression 

method. Resistance and safety factors are also calculated as per AISI S100 2007 

standards for both interior and end two flange loading cases.   

 

 

  

 Figure 20: ETF Plot of data points. 
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 Figure 20 is the plot of the data points and the best curve fitting to the data 

available. This curve is plotted with a mean of 1.23 and a standard deviation of 0.2. 

These values are used to calculate the resistance factors for the section. 
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CHAPTER 8 

DESIGN EXAMPLES 

8.1 Introduction 

To calculate the web crippling strength of a C-section under ITF and ETF loading 

case and to compare it with present AISI standard. 

Section label: C-4- -57-ITF 

Where the section is C-section, depth of section is 4 in., flange width of section is 2.5 

in., length of lip is 1 in. and thickness of section is 0.0571in under interior two flange 

loading case.  

  

Figure 21: Sample C-section. 

Section dimensions: 

Width=2.5 in. 
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Thickness= 0.0571 in.  

Length=24 in. 

Fy of steel=48.12 ksi 

Length of bearing plate n=0.984 in. 

Radius=0.221 in. 

8.2 Design Method for ITF Loading Case 

Calculation of Pt from proposed equation  

            
   

    
              

Pny == n × Fy × t   

= (0.984 in) × (48.12 ksi) × (0.0571 in) = 2.7 kips   

Pcrw =1.092 kips obtained from ABAQUS 

By substituting these values in the equation proposed  

             
   

    
             

                     
   

     
          

   = 3.35 Kips.    is strength of C-section from proposed equation. 
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  is the present AISI to calculate 

the web crippling strength. 

                   
                             

      

      
         

     

      
    

0.03140.0571 

= (3.14) ×0.848×1.33×0.75 

=2.65 kips 

The value of Pt from the proposed equation is comparable to the value of Pn, 

which is from present AISI equation; the Web crippling strength from the equation 

proposed is close and comparable to the present AISI standard equation. 

8.3 Design Method for ETF Loading Case 

Section label: C-4--57-ETF 

Where the section is C-section, depth of section is 4 in., width of section is 2.5 

in., lip length is 1 in. and thickness of section is 0.0057 in. under End Two Flange 

loading case.  

Section label: C-section  

Section dimensions: 

Width= 2.5 in. 

Thickness= 0.0571 in. 
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Length= 24 in. 

   of steel=48.12 ksi   

Length of bearing plate n=0.984 in. 

Radius=0.221 in. 

Calculation of     from proposed equation  

          
   

    
          

             

       = (0.984 in.) × (48.12 ksi) × (0.0571in.)=2.7 kips  

Pcrw 0.419 kips from ABAQUS 

By substituting these values in the Equation proposed  

 
  
   

       
   

    
      

                   
   

   
       

   = 0.6885 kips.    is the strength of C-section from proposed equation 
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  is the present AISI to calculate 

the web crippling strength. 

 

   

                                              
      

      
         

     

      
    

0.04840.0571 

    = 1.176×0.84×1.49×0.598 

  =0.88kips 

By substituting all the coefficients and parameters the value of     = 0.88 kips  

The value of    from the proposed equation is comparable to the value of    , 

which is from present AISI equation; the web crippling strength from the equation 

proposed is close and comparable to the present AISI standard equation. 
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CHAPTER 9 

CONCLUSION 

The objective of this study was to develop a direct strength method (DSM) for 

predicting the web-crippling strength of cold-formed steel C-sections subjected to 

interior two flange (ITF) and end two flange (ETF) loading. 

As the complicated nature of web-crippling behavior makes other researches to 

do an experimental investigation and the data from all the researches are used to 

analyze and develop a DSM for sections. 

A total of 128 sections were analyzed in which 58 of them are end two flange 

(ETF) and 70 of them are interior two flange (ITF) loading case. Calculating the web 

crippling strength and calculations of the resistance factors according to AISI standards 

are done and sample calculations are shown. ABAQUS is used to determine the elastic 

web-crippling load. 

And working on other end one flange (EOF) and interior one flange (IOF) loading 

cases and different sections like Z-section and hat section can be done as an extension 

and future research and continuation for this research.  
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APPENDIX 

DIMENSIONS, COUPON TESTS AND RESULTS OF THE C-SECTIONS OF THE 

PRESENT AND PAST DATA 
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Table A1:  Measured Test Specimen Dimensions, Yield Strengths and Test Loads for 

C-Sections (ITF) (Beshara, 1999) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

C-120-7-30 1.18169 0.0571 48.15 0.27573 4.098819 24 10.7 4.86

C-120-7-60 2.50039 0.0571 48.15 0.3939 4.098819 24 11.8 5.24

C-120-10-30 1.18169 0.0571 48.15 0.3939 3.864764 24 9.96 5.89

C-120-10-60 2.50039 0.0571 48.15 0.55146 3.864764 24 11 6.27

C-120-14-30 3.97894 0.0571 48.15 0.55146 3.430906 24 9.06 8.42

C-120-14-60 3.97894 0.0571 48.15 0.27539 3.430906 24 10.1 7.78

C-200-7-30 1.18283 0.0457 47.57 0.27539 7.215748 24 7.2 1.44

C-200-7-60 2.49811 0.0457 47.57 0.39367 7.215748 24 7.56 1.44

C-200-10-30 1.18283 0.0457 47.57 0.39367 6.941732 24 6.57 1.69

C-200-10-60 2.49811 0.0457 47.57 0.5526 6.987402 24 7.08 1.92

C-200-14-60 1.18283 0.0457 47.57 0.5526 6.713386 24 6.72 1.79

C-200-14-100 2.49811 0.0457 47.57 0.27573 6.713386 24 7.08 1.77

C-300-7-30 1.18169 0.0571 64.97 0.27573 11.13189 24 11 1.63

C-300-7-60 2.49811 0.0571 64.97 0.3939 11.13189 24 11.6 1.7

C-300-10-30 1.18169 0.0571 64.97 0.3939 10.90354 24 9.99 1.83

C-300-10-60 2.49811 0.0571 64.97 0.55146 10.90354 24 10.9 1.85

C-300-14-60 1.18169 0.0571 64.97 0.55146 10.61811 24 11.3 2.07

C-300-14-100 2.49811 0.0571 64.97 0.55146 10.61811 24 10.6 2.16
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Table A2: Measured Test Specimen Dimensions, Yield Strengths and Test Loads for 

C-Sections (ETF) (Beshara, 1999) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

C-120-7-30 1.18169 0.05709 48.15 0.27573 4.09882 24 3.84 1.8644

C-120-7-60 2.50039 0.05709 48.15 0.3939 4.09882 24 4.74 1.9314

C-120-10-30 1.18169 0.05709 48.15 0.3939 3.86476 24 3.75 1.9863

C-120-10-60 2.50039 0.05709 48.15 0.55146 3.86476 24 4.17 2.7417

C-120-14-100A 3.97894 0.05709 48.15 0.55146 3.43091 24 4.77 3.9649

C-120-14-100B 3.97894 0.05709 48.15 0.27539 3.43091 24 4.68 3.9649

C-200-7-30 1.18283 0.04567 47.57 0.27539 7.21575 24 2.07 0.47427

C-200-7-60 2.49811 0.04567 47.57 0.39367 7.21575 24 2.46 0.60151

C-200-10-30 1.18283 0.04567 47.57 0.39367 6.94173 24 2.01 0.5348

C-200-10-60 2.49811 0.04567 47.57 0.5526 6.9874 24 2.19 0.63667

C-200-14-30 1.18283 0.04567 47.57 0.5526 6.71339 24 1.95 0.6315

C-200-14-60 2.49811 0.04567 47.57 0.27573 6.71339 24 2.13 0.67401

C-300-7-30 1.18169 0.05709 64.97 0.27573 11.1319 24 2.85 0.56553

C-300-7-60 2.49811 0.05709 64.97 0.3939 11.1319 24 3.27 0.67757

C-300-10-30 1.18169 0.05709 64.97 0.3939 10.9035 24 2.76 0.58406

C-300-10-60 2.49811 0.05709 64.97 0.55146 10.9035 24 3.06 0.68671

C-300-14-30 1.18169 0.05709 64.97 0.55146 10.6181 24 2.67 0.64141

C-300-14-60 2.49811 0.05709 64.97 0.55146 10.6181 24 2.91 0.71497
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Table A3: Measured Test Specimen Dimensions, Yield Strengths and Test Loads for C-

Sections (ITF) by Hetrakul (Hetrakul and Yu, 1978) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

su-1-itf-1 0.0787 0.048 43.82 0.125 9.859 21 3.43 2.44

su-1-itf-2 0.1181 0.0475 43.82 0.125 9.848 21 3.49 1.17

su-1-itf-5 0.1181 0.048 43.82 0.125 9.859 21 3.54 1.21

su-1-itf-6 0.0787 0.047 43.82 0.125 9.863 21 3.65 1.09

su-2-itf-1 0.0787 0.048 43.82 0.125 12.24 21 2.72 0.922

su-2-itf-2 0.0787 0.0475 43.82 0.125 12.21 21 2.72 0.89

su-2-itf-5 0.0787 0.048 43.82 0.125 12.16 21 2.8 0.93

su-2-itf-6 0.0787 0.047 43.82 0.125 12.12 21 2.65 0.87

su-4-itf-1 0.0787 0.0517 47.12 0.0938 4.84 21 7.63 3.91

su-4-itf-2 0.0787 0.0519 47.12 0.0938 4.856 21 7.68 3.24

su-4-itf-3 0.0787 0.05 47.12 0.0938 4.842 21 8.52 2.94

su-4-itf-4 0.0787 0.0506 47.12 0.0934 4.827 21 8.81 3

su-4-itf-5 0.0787 0.0522 47.12 0.1014 4.827 21 9.84 3.33

su-4-itf-6 0.0787 0.051 47.12 0.1015 4.827 21 10.3 3.13

su-5-itf-1 0.0787 0.05 47.12 0.0938 4.842 21 6.71 2.21

su-5-itf-2 0.0787 0.0503 47.12 0.0938 6.097 21 6.81 2.26

su-5-itf-3 0.0787 0.0503 47.12 0.0938 6.07 21 6.9 2.28

su-5-itf-4 0.0787 0.0501 47.12 0.0938 6.091 21 7.61 2.21

su-5-itf-5 0.0787 0.05 47.12 0.0938 6.074 21 7.21 2.22

su-5-itf-6 0.0787 0.0503 47.12 0.0938 6.059 21 7.17 2.26

su-6-itf-1 0.0787 0.0495 47.12 0.0938 6.074 21 6.52 1.75

su-6-itf-2 0.0787 0.0496 47.12 0.0938 7.225 21 5.49 1.76

su-6-itf-3 0.0787 0.05 47.12 0.0938 7.276 21 5.45 1.8

su-6-itf-4 0.0787 0.0495 47.12 0.0938 7.281 21 5.7 1.74

su-6-itf-5 0.0787 0.0504 47.12 0.0938 7.277 21 5.92 1.85  
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Table A4: Measured Test Specimen Dimensions, Yield Strengths and Test Loads for C-

Sections (ETF) by Hetrakul (Hetrakul and Yu, 1978) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

su-1-etf-1 0.0787 0.039 43.82 0.125 9.859 24 0.32 0.35

su-1-etf-2 0.1181 0.039 43.82 0.125 9.848 21 0.31 0.37

su-1-etf-5 0.1181 0.118 43.82 0.125 9.859 21 0.38 0.54

su-1-etf-6 0.0787 0.118 43.82 0.125 9.863 21 0.355 0.55

su-2-etf-1 0.0787 0.039 43.82 0.125 12.24 21 0.28 0.29

su-2-etf-2 0.0787 0.039 43.82 0.125 12.21 21 0.28 0.33

su-2-etf-5 0.0787 0.118 43.82 0.125 12.16 21 0.315 0.381

su-2-etf-6 0.0787 0.118 43.82 0.125 12.12 21 0.29 0.434

su-5-etf-1 0.0787 0.039 47.12 0.0938 4.842 21 0.6 0.85

su-5-etf-2 0.0787 0.039 47.12 0.0938 6.097 21 0.615 0.857

su-5-etf-3 0.0787 0.079 47.12 0.0938 6.07 21 0.615 1.11

su-5-etf-4 0.0787 0.079 47.12 0.0938 6.091 21 0.625 1.07

su-5-etf-5 0.0787 0.118 47.12 0.0938 6.074 21 0.685 1.42

su-5-etf-6 0.0787 0.118 47.12 0.0938 6.059 21 0.675 1.37

su-6-etf-1 0.0787 0.039 47.12 0.0938 6.074 21 0.585 0.62

su-6-etf-2 0.0787 0.039 47.12 0.0938 7.225 21 0.545 0.65

su-6-etf-3 0.0787 0.079 47.12 0.0938 7.276 21 0.608 0.7825

su-6-etf-4 0.0787 0.079 47.12 0.0938 7.281 21 0.595 0.806

su-6-etf-5 0.0787 0.118 47.12 0.0938 7.277 21 0.665 0.679

su-6-etf-6 0.0787 0.118 47.12 0.0938 7.28 21 0.66 1.02
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Table A5: Measured Test Specimen Dimensions, Yield Strengths and Test Loads for C-

Sections (ITF) by Cheng Yu (Yu, 2009) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

Model1 2.5 0.0459 62.7 0.031 6 21 8.34 3.443

Model2 2.5 0.046 62.7 0.031 6 21 8.2 3.3922

Model3 2.5 0.0454 62.7 0.031 6 21 8.4 3.2453

Model4 2.5 0.0455 62.7 0.031 6 21 7.94 3.3448

Model 5 2.5 0.0458 62.7 0.031 6 21 8.14 3.3358

Model 6 2.5 0.0467 62.7 0.031 6 21 8.1 3.5174

 

Table A6: Measured Test Specimen Data on ITF by Cheng Yu University of North 

Texas (Yu, 2009) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

Model1 2.5 0.0447 62.7 0.094 6 21 9.13 3.6253

Model2 2.5 0.0452 62.7 0.094 6 21 8.74 3.4809

Model3 2.5 0.0465 62.7 0.094 6 21 8.9 3.763

Model4 2.5 0.0456 62.7 0.094 6 21 9.03 3.7257

Model 5 2.5 0.0447 62.7 0.094 6 21 8.26 3.4282

Model 6 2.5 0.0446 62.7 0.094 6 21 8.84 3.2127  
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Table A7: Measured Test Specimen Data on ETF by Cheng Yu University of North 

Texas (Yu, 2009) 

Sections n(in) t(in) Fy(Ksi) r(in) h(in) L(in) Pt(kips) Pcrw(kips)

A1 2.5 0.0692 65.6 0.2188 3.653 36 13.78 7.5015

A2 2.5 0.0692 65.6 0.2188 3.656 36 13.3 7.4914

A3 2.5 0.0692 65.6 0.2188 3.657 36 13.44 7.4914

A4 2.5 0.0692 65.6 0.2188 3.653 36 13.38 7.5015

B1 2.5 0.0338 47.8 0.1563 3.643 36 2.11 0.9105

B2 2.5 0.0338 47.8 0.1563 3.645 36 2.11 0.92502

B3 2.5 0.0338 47.8 0.1563 3.645 36 2.1 0.92502

B4 2.5 0.0338 47.8 0.1563 3.649 36 2.08 0.46089

C1 2.5 0.0692 65.6 0.2188 3.658 36 7.49 7.7139

C2 2.5 0.0692 65.6 0.2188 3.664 36 7.56 7.4646

C3 2.5 0.0692 65.6 0.2188 3.662 36 7.67 7.45

C4 2.5 0.0692 65.6 0.2188 3.651 36 7.6 7.7453

D1 2.5 0.0338 47.8 0.1563 3.649 36 1.58 0.90547

D2 2.5 0.0338 47.8 0.1563 3.646 36 1.58 0.90924

D3 2.5 0.0338 47.8 0.1563 3.647 36 1.51 0.90924

D4 2.5 0.0338 47.8 0.1563 3.654 36 1.52 0.82407  
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Table A8: Measured Test Specimen Data on ETF by Cheng Yu University of North 

Texas (Yu, 2009) 

A1 2.5 0.0687 56 0.125 3.541 27 8.41 3.1968

A2 2.5 0.0687 56 0.125 3.544 27 8.26 3.2316

A3 2.5 0.0686 56 0.125 3.544 27 8.27 3.1977

A4 2.5 0.0689 56 0.125 3.582 27 9.5 3.2095

B1 2.5 0.0336 47.9 0.094 5.533 27 1.31 0.35846

B2 2.5 0.0337 47.9 0.1563 5.533 27 1.33 0.39202

B3 2.5 0.0335 47.9 0.1563 5.542 27 1.42 0.39202

B4 2.5 0.0339 47.9 0.1563 5.541 27 1.39 0.39798

C1 2.5 0.0685 56 0.109 3.629 27 6.22 3.0707

C2 2.5 0.0684 56 0.109 3.643 27 6.06 3.0059

C3 2.5 0.0683 56 0.109 3.631 27 6.23 3.0838

C4 2.5 0.0686 56 0.109 3.631 27 6.3 3.0838

D1 2.5 0.0335 47.9 0.109 5.583 27 1.15 0.33898

D2 2.5 0.0335 47.9 0.109 5.57 27 1.14 0.38219

D3 2.5 0.0337 47.9 0.109 5.583 27 1.17 0.38219

D4 2.5 0.0337 47.9 0.109 5.56 27 1.15 0.38219
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