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ABSTRACT 
 

 The main objective of this research is to extend the “Direct strength method” for 

determining the web crippling strength of cold-formed steel C and Z sections. Direct strength 

method is applied for designing the columns and beams earlier.  

The existing specifications equation for calculating the web crippling strength of cold-

formed steels designed by American Institute of Iron and Steel is very old method and it is 

based on the extensive experimental investigations conducted at different universities.  

Calculating the web crippling strength of cold-formed steels using direct strength 

method is a new technique. In the present research the web crippling strength of cold-formed 

steels were calculated using Direct Strength Method. 

 The experimental data is collected from the tests that were conducted at different 

universities. The critical buckling strength of the members were calculated using Abaqus. 

Microsoft excel is used to generate the equations. The safety and resistance factors for the 

designed equations were calculated using “Load and resistance factor design” and “Allowable 

strength design” from North American Cold-Formed Steel Specification, 2012 edition book. 
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ABBREVIATIONS 
 

AISI – American Iron and Steel Institute 

LSD – Limit States Design 

ASD – Allowable stress design 

LRFD – Load and resistance factor design 

DSM – Direct Strength Method 

EOF – End One Flange loading 

IOF – Interior One Flange Loading 

ETF – End Two Flange Loading 

ITF – Interior Two Flange Loading 

Mne = nominal flexural strength for lateral-torsional buckling  

Mnl = nominal flexural strength for local buckling 

Mnd = nominal flexural strength for distortional buckling 

Mn = nominal flexural strength  

Mcre = critical elastic lateral torsional buckling moment determined by analysis 

Sf = gross section modulus referenced to the extreme fibre in first yield 

Mcrl = critical elastic local buckling moment determined by analysis 

Mcrd = critical elastic distortional buckling moment determined by analysis 
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CHAPTER 1: INTRODUCTION  

Cold-formed steel members have been used economically for building construction and 

other applications (winter, 1959a, 1959b: Yu, 2000). These types of sections are cold-formed 

from steel sheet, strip, and plate or flat bar in roll-forming machines or by press-brake or 

bending operations. Cold-formed steels are the most commonly used materials in the 

construction industries. The use of cold-formed steel members in building construction began 

in about 1850’s. Due to its high slenderness ratio it is having wide applications in the 

construction area. Use of cold-formed steels in the modern construction is increasing due to its 

high durability, strength, light weight and material consistency. The ease to manufacture and 

ease to machinability makes its applications wide.  

Two main types of steels that are used in the steel industry are the cold formed steels 

and the hot formed steels. And use of this cold form steel in the modern construction keep on 

increasing due to its high durability, strength, light weight and excellent material consistency. 

Cold-formed steel members are usually thin walled members with large width-to-thickness 

ratios, easy of prefabrication and mass production are some of the qualities of these members 

that save construction costs. 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. Load carrying panels and decks are used for roof decks, floor decks, wall 

panels, siding material, and bridge forms. 

Cold-formed steel members are commonly used as cladding rails, sheeting rails, wall 

studs, floor joists, sheets and decks, etc. in the building industry. When cold-formed steel 

members are subjected to various loading conditions unlike heavy hot-rolled steel sections, 

they tend to buckle locally at stress levels lower than the yield strength of the material. These 

members do not fail at these stress levels and continue to carry further loads leading to what is 
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called post-buckling behaviour. Flexural members such as floor joists, purlins, and decks are 

often subjected to concentrated loads and reaction forces. 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 (J. Rhodes, 1996). Among 

these failure modes, web crippling is a significant failure mode that may be experienced by 

beam members under concentrated loads or reaction forces. 

In the building constructions cold-formed steels are utilized for different purposes 

(i) Light members are manufactured for light loads 

(ii) Load carrying decks and panels can provide useful surfaces for floor, roof and 

wall construction 

(iii) Cold –formed steels can also act as enclosed cells for electrical and other 

conduits 

(iv) Panels and decks not only withstand loads normal to their surfaces, but they can 

also act as shear diaphragms to resist forces in their own planes if they 

adequately interconnected to each other and of supporting members,  

The cold-formed steels are used in buildings, storage racks, office furniture, and 

automobiles etc.  

The specification can be applied to the Cold-formed steels of thickness not more than 

1 inch. Yu, Liu and McKinney has verified the applicability of the specification by conducting 

researches in the University of Missouri-Rolla. 

1.1 Web crippling 

 

Cold-formed steels have large web slenderness ratio, because of this the webs of such 

members may cripple due to the high local intensity of the load or reaction. Yu (2000) has 
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performed many investigations on the buckling problems and web crippling behaviour of the 

cold-formed steels. Based on these investigations it has been found that the theoretical analysis 

of web crippling for cold-formed steels is difficult because it involves the following factors:  

(i) Non-uniform stress distribution under the applied load and adjacent portions of the 

web 

(ii) Elastic and inelastic stability of the web element 

(iii) Local yielding in the immediate region of load application 

(iv) Bending produced by eccentric load when it is applied on the bearing flange at a 

distance beyond the curved transition of the web 

(v) Initial out of plane imperfections of plate elements 

(vi) Various edge restraints provided by beam flanges and interaction between flange 

and web elements 

(vii) Inclined webs for decks and panels 

For these reasons, the present AISI design provision for web crippling is based on the extensive 

experimental investigations performed at conducted at various universities. At these 

universities experiments were conducted on cold-formed steel beams subjected to different 

loading conditions. Beams having single unreinforced webs and I-beams, single hat sections 

and multi-web deck sections were taken for conducting experiments. 

1.2 Factors effecting the web crippling strength (Resistance) 

 

Some of the factors that affect the web crippling strength of the beams are section geometry, 

load cases, section parameters bearing length etc. (Baher, Beshara) 
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1.2.1 Section geometry 

 

There are many different sections that are used in building constructions. In the present research 

C section and Z section cold formed steel beams were taken in to consideration. Some of the 

section geometries that are used in building construction were  

(i) I-section 

(ii) C-section 

(iii) Z-section 

(iv) Hat-section 

(v) Multi-web sections (decks) 

1.2.2 Section parameters 

 

Section parameters also have impact on the web crippling strength. Section parameters that 

have impact on web crippling strength were  

(i) Yield strength of steel (Fy) 

(ii) Web thickness (t) 

(iii) Inside bend radius (r) 

(iv) Height of the web (h) 

(v) Angle between the plane of the web and the plane of the bearing surface (𝜃) 

1.2.3 Bearing length 

 

The length of the bearing plate also have an impact on the web crippling resistance. When the 

length of the bearing plate is large, the web crippling resistance is more when compared to 

smaller bearing plates 
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1.3 Loading conditions for web crippling tests 

a) End One Flange loading 

b) End Two Flange Loading 

c) Interior One Flange Loading 

d) Interior Two Flange Loading 

1.3.1 End one Flange loading condition 

In the end one flange loading condition a concentrated load is applied at the end of the flange 

and are is separated by a distance greater than 1.5 times the height of the web. In the end one 

flange loading condition the web crippling failure occurs at the ends of the beams. 

 

Figure 1: End one flange loading condition [1] 

1.3.2 End Two flange loading condition 

 In end two flange loading condition two concentrated loads are applied at one end of the beam 

on two flanges. Web crippling can be observed at the end of the beam. 
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Figure 2: End two flange loading condition [1] 

1.3.3 Interior one flange loading condition  

In the interior one flange loading case a concentrated load is applied on one flange of the beam 

and the distance between the supports and the concentrated load is greater than 1.5 times the 

height of the web. 

 

Figure 3: Interior one flange loading condition [1] 

1.3.4 Interior two flange loading condition 

In interior two flange loading cases two concentrated loads are applied on the two 

flanges of the beam. The distance between these two concentrated loads is less than 1.5 

times the height of the web. The web crippling failure occurs in the interior region of 

the beam. 



7 
 

 

Figure 4: Interior two flange loading condition [1] 

In the present research, Interior one flange loading and End One Flange loading conditions 

were taken to calculate the web crippling strength. 

1.4 Direct Strength Method 

 

 The direct strength method can be used to determine the axial strength (Pn) and the 

flexural strength (Mn) of the cold-formed steel members. In the North American specifications 

for the cold-formed steel specifications the limitations for the Pre-qualified beams and columns 

can be found. The direct strength method is the new method for designing the cold-formed 

steels. In the year 2004, the direct strength method is adopted into the North American design 

specifications. The existing methods available for determining the strength of the cold-formed 

steels are the effective width method or the main specification method and the direct strength 

method. The effective width method is adopted for designing the cold-formed steels throughout 

the world but the direct strength method is adopted only in the North America. 

1.4.1 Effective Width method 

 

 The concept behind the effective width method is that when a cold-formed steel 

member is subjected to local plate buckling then it leads to the reduction in the effectiveness 

of the plates that comprise the cross section (more formally it is understood as an idealized 
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version of equilibrium in an effective plate under a simplified stress distribution vs. the with a 

non-linear stress distribution due to buckling [11]). The reduction from the gross cross section 

to the effective cross section is the fundamental for the application of effective width method. 

Figure 4.2 shows the reduction from a gross cross-section to the effective cross-section for a 

cold-formed steel C-section. 

 The advantages of the effective width method are listed below 

(i) Can identify the locations in the cross-section where the material is not capable of 

carrying loads 

(ii) Since the reduced cross-section properties influence the global buckling, the 

effective width method provides a means to the local-global interactions 

(iii) Cleanly leads to the notion of neutral axis shift in the section due to the local 

buckling 

           

                   Fig 1.4.1: Effective section of a C-section in bending [9] 

 The disadvantages of the effective width method were listed below 

(i) In determining the elastic buckling behaviour the effective width method ignores 

the inter-element equilibrium and compatibility. For example between the flange 

and the web 
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(ii) When attempts are made to optimize the section, determining the effective section 

of a member is very difficult. For example when stiffeners are added to the member, 

they comprise the section and all the plates are to be investigated because they are 

partially effective 

(iii) Effective width method cannot be applied to the distortional buckling analysis 

(iv) Many iterations are to be performed on the member for determining the basic 

member strength 

1.4.2 Direct Strength method for columns and beams 

 

 The accurate member elastic stability which is shown in the figure 4.2 is the 

fundamental concept behind the Direct Strength Method. The basic idea behind the Direct 

Strength Method is that when all the elastic instabilities like local buckling, distortional 

buckling, global buckling and the load that causes the section to yield were determined, the 

strength of the material can be directly obtained.  
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Fig 1.4.2: Semi analytical finite strip solution of a C-section in bending showing local, 

distortional and lateral-torsional buckling [1] 

 When the elastic buckling loads in global (Pcre), local (Pcrl) and distortional (Pcrd) and 

the applied load (Py) were calculated, the strength of the member can be calculated directly. 

These loads can be calculated with the help of the freely available software CUFSM. Direct 

strength method is currently in existence for the beams and columns.  

Theoretical advantages of the direct strength method include  

(i) Explicit design method for beams and columns which includes the interaction of 

the elements 

(ii) Direct strength method includes all stability limit states 

(iii) Optimization of the cross-section  

(iv) Correct determination of elastic buckling behaviour  

1.4.3 Direct Strength Method for beams 

 

 The direct strength method for beams has been evolved from the direct strength 

predictions of the cold-formed steel members using numerical elastic buckling solutions. The 

idea behind the concept is that to develop a new curve using direct strength method and to 

predict the web crippling strength of the beams. 

The nominal flexural strength, Mn, shall be the minimum of Mne, Mnd and Mnl 

Where  

Mne = nominal flexural strength for lateral-torsional buckling  

Mnl = nominal flexural strength for local buckling 

Mnd = nominal flexural strength for distortional buckling 
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1.4.3.1 Lateral Torsional buckling [1]
 

The nominal flexural strength, Mne, for lateral-torsional buckling shall be calculated as 

(a) For Mcre <0.56 My 

Mne = Mcre 

(b) For   2.78𝑀𝑦 ≥  𝑀𝑐𝑟𝑒 ≥ 0.56𝑀𝑦 

𝑀𝑛𝑒 =
10

9
𝑀𝑦 (1 −

10𝑀𝑦

36𝑀𝑐𝑟𝑒
) 

(c) For Mcre > 2.78 My 

Mne = My 

Where  

Mcre = critical elastic lateral torsional buckling moment determined by analysis 

My = Sf Fy  

Sf = gross section modulus referenced to the extreme fibre in first yield 

1.4.3.2 Local buckling [1] 

 

 The nominal flexural strength, Mnl, for local buckling can be calculated as follows 

(a) For 𝜆𝑙 ≤ 0.776 

Mnl = Mne 

(b) For 𝜆𝑙 = 0.766 

𝑀𝑛𝑙 = (1 − 0.15 (
𝑀𝑐𝑟𝑙

𝑀𝑛𝑒
)

0.4

) (
𝑀𝑐𝑟𝑙

𝑀𝑛𝑒
)

0.4

𝑀𝑛𝑒 

Where  

𝜆𝑙 = √
𝑀𝑛𝑒

𝑀𝑐𝑟𝑙
  

Mcrl = critical elastic local buckling moment determined by analysis 
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1.4.3.3 Distortional Buckling [1] 

 

The nominal flexural strength, Mnd, for distortional buckling is calculated as follows 

(a) For  𝜆𝑑 ≤ 0.673 

Mnd = My 

(b) For 𝜆𝑑 > 0.673  

𝑀𝑛𝑑 = (1 − 0.22 (
𝑀𝑐𝑟𝑑

𝑀𝑦
)

0.5

) (
𝑀𝑐𝑟𝑑

𝑀𝑦
)

0.5

𝑀𝑦 

Where  

𝜆𝑑 = √
𝑀𝑦

𝑀𝑐𝑟𝑑
 

 Mcrd = critical elastic distortional buckling moment determined by analysis 

1.4.3.4 Direct Strength Method predicted curves for beams [1] 

 

 

Fig 1.4.3.4: Comparison of the Direct Strength Method predicted curves with the tested data 

for beams [1]  
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1.4.4 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.  

The nominal axial strength, Pn, shall be the minimum of Pne, Pnl and Pnd.  

Where  

Pne = nominal axial strength for lateral-torsional buckling  

Pnl = nominal axial strength for local buckling 

Pnd = nominal axial strength for distortional buckling 

The safety factor, Ωc = 1.8 and the resistance factor, ϕc = 0.85 

1.4.4.1 Flexural, Torsional or Torsional Flexural Buckling [1] 

 

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

be calculated as 

(a)  For 𝜆𝐶 ≤ 1.5 

𝑃𝑛𝑒 = (0.658𝜆𝐶
2

)𝑃𝑦 

(b) For 𝜆𝐶 > 1.5 

𝑃𝑛𝑒 = (
0.877

𝜆𝐶
2 ) 𝑃𝑦 

Where  
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𝜆𝐶 = √
𝑃𝑦

𝑃𝑐𝑟𝑒
 

𝑃𝑦 = 𝐴𝑔𝐹𝑦 

Pcre = minimum of critical elastic column buckling load in flexural, torsional or flexural-

torsional buckling determined by analysis 

1.4.4.2 Local buckling 

 

 The nominal axial strength, Pnl, for local buckling can be calculated as follows 

(a) For 𝜆𝐶 ≤ 0.776 

Pnl = Pne 

(b) For 𝜆𝐶 > 0.776 

𝑃𝑛𝑙 = [1 − 0.15 (
𝑃𝑐𝑟𝑙

𝑃𝑛𝑒
)

0.4

] (
𝑃𝑐𝑟𝑙

𝑃𝑛𝑒
)

0.4

𝑃𝑛𝑒 

Where  

𝜆𝑙 = √
𝑃𝑛𝑒

𝑃𝑐𝑟𝑙
  

Pcrl = Critical elastic local column buckling load  

1.4.4.3 Distortional Buckling 

 The nominal axial strength, Pnd, for distortional buckling shall be calculated as follow 

(a) For 𝜆𝑑 ≤ 0.561 

Pnd = Py 

(b) For 𝜆𝑑 > 0.561 

𝑃𝑛𝑑 = (1 − 0.25 (
𝑃𝑐𝑟𝑑

𝑃𝑦
)

0.6

) (
𝑃𝑐𝑟𝑑

𝑃𝑦
)

0.6

𝑃𝑦 
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Where 

𝜆𝑑 = √
𝑃𝑦

𝑃𝑐𝑟𝑑
 

 Pcrd = Critical elastic distortional column buckling load determined by analysis  

 

Fig 1.4.4.4: Comparison of the Direct Strength Method predicted curves with the tested data 

for columns [1]  
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CHAPTER 2: RESEARCH OBJECTIVE 

The main objective of this research is to calculate the web crippling strength of the cold-

formed steels C and Z sections which are subjected to End-One flange loading and Interior-

One flange loading conditions.  

Direct strength method is used to design the cold-formed steel columns and beams. For the 

design of the beams using direct strength method a graph between √
𝑀𝑦

𝑀𝑐𝑟
𝑣𝑠

𝑀𝑡𝑒𝑠𝑡

𝑀𝑦
 is drawn 

and with the help of the all data points an equation is generated. 

Where  

Mcr = elastic critical buckling 

Mtest = tested data 

My = nominal strength of the beam 

The same methodology is used in the present research. A graph between √
𝑃𝑦

𝑃𝑐𝑟
𝑣𝑠

𝑃𝑡

𝑃𝑦
 is 

plotted and an equation is generated using excel with the help of the data points. 

Where  

Fy = yield strength of the material 

Py = Nominal strength which is n*t*Fy 

Pcr = critical elastic buckling load which can be found using Abaqus 

Pt = tested web crippling strength of the beam 

The tested data is taken from the previous research studies and the critical elastic buckling 

load is calculated using abaqus. In the present research the critical elastic buckling is 

calculated for the following seven cases 
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i) C-section stiffened flanges, fastened to support beams subjected to End-One flange 

loading condition 

ii) C-section stiffened flanges unfastened to support beams subjected to End-One 

flange loading condition 

iii) C-section unstiffened flanges unfastened to support beams subjected to End-one 

flange loading condition 

iv) C-section stiffened flanges unfastened to support beams subjected to Interior-One 

flange loading condition 

v) C-section unstiffened flanges unfastened to support beams subjected to Interior-

One flange loading condition’ 

vi) Z-section stiffened flanges fastened to support beams subjected to End-One flange 

loading condition 

vii) Z-section stiffened flanges unfastened to support beams subjected to End-One 

flange loading condition 

For all these cases the critical elastic buckling load is calculated using abaqus. Using Direct 

Strength Method the graphs are plotted and the required equations were developed. For the 

developed new equations the safety and resistance factors were with the help of AISI S100-

12. 
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CHAPTER 3: LITERATURE REVIEW 

The existing research on calculating the web crippling strength of the cold-formed steel 

members is extensively based on the experimental data. The experimental data is used to 

develop equations for calculating the web crippling strength. The theoretical analysis of the 

cold-formed steels is very complicated because it involves the following factors [1] 

a) Non-uniform stress distribution under the applied load 

b) Elastic and inelastic behaviour of the web element 

c) Local yielding behaviour of the web element 

d) Bending produced by eccentric load when applied on bearing flanges at a distance 

beyond the curved transition of the web 

e) Plate elements out-of-plane imperfection of plate elements 

f) Various edge restraints provided by beam flanges and interaction between flanges and 

web elements 

 

3.1 Research on cold-formed steels at University of Cornell (1939) [2] 

 

Winter and Pian conducted research on calculating the web crippling strength of cold-formed 

steel I sections and developed the following equations 

For End-One Flange loading case: 

𝑃𝑢𝑙𝑡 = 𝐹𝑦𝑡2 (10 + 1.25√
𝑁

𝑡
) 

For Interior-One flange loading case: 

𝑃𝑢𝑙𝑡 = 𝐹𝑦𝑡2 (15 + 3.25√
𝑁

𝑡
) 
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Where  

Pult = ultimate web crippling load per web 

Fy = yield strength of steel 

h = height of the web 

n = bearing length 

N = bearing length to thickness ratio 

t = thickness of the web 

The range of parameters of these tests were  

Height to thickness ratio = 30 to 175 

Bearing length of load to thickness ratio =7 to 77 

Yield strength of material = 30 to 39 ksi 

Cornell University during 1950’s conducted many researches on the web crippling strength of 

the cold-formed steels particularly on the unreinforced webs. The studies have concluded that 

the web crippling strength of the cold-formed steels is the function of ratios of height to 

thickness, radius to thickness, length of the bearing to thickness and yield strength. They 

developed the following equations for the web crippling strength of the cold-formed steels 

unreinforced webs 

For End One Flange loading condition: 

(i) 𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103 ((1.33 − 0.33𝑘) (5450 + 235 (
𝑁

𝑡
) − 1.2 (

𝑁

𝑡
) 𝐻 − 0.6𝐻)) … … … . 𝑖𝑓 (

𝑅

𝑡
≤ 1) 

(ii) 𝑃(𝑢𝑙𝑡)1 = (1.15 − 0.015 (
𝑅

𝑡
)) (𝑃𝑢𝑙𝑡) … … … … … … … … … … … … … … … … 𝑖𝑓 (1 <

𝑅

𝑡
≤ 4) 
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For Interior One Flange loading condition: 

(i) 𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103
((1.22 − 0.22𝑘) (17000 + 125 (

𝑁

𝑡
) − 0.5 (

𝑁

𝑡
) 𝐻 − 30𝐻)) … … … . 𝑖𝑓 (

𝑅

𝑡
≤ 1) 

(ii) 𝑃(𝑢𝑙𝑡)1 = (1.06 − 0.06 (
𝑅

𝑡
)) (𝑃𝑢𝑙𝑡) … … … … … … … … … … … … … … … … 𝑖𝑓 (1 <

𝑅

𝑡
≤ 4) 

Where  

Pult = calculated ultimate web crippling strength per web 

Fy = yield strength of the material 

t= thickness of the member 

𝑘 =
𝐹𝑦

33
𝑘𝑠𝑖 

N= length of the bearing 

h= height of the web 

𝐻 =
ℎ

𝑡
= web slenderness ratio 

R= radius between the flange and the web 

The importance of the web inclination has been studied by Baehre in 1975 at Royal Institute 

of technology, Sweden. He found that the web inclination, θ, have high influence on the web 

crippling strength of the cold-formed steels. He developed the following equations for the 

ultimate load at intermediate supports, 

𝑃𝑢𝑙𝑡 = 1.8𝐹𝑦𝑡2(2.8 − 0.8𝑘) (1 − 0.1√
𝑅

𝑡
) (1 + 0.01 (

𝑁

𝑡
)) (2.4 +

𝜃

90
)

2

  

Where: 
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Pult = computed ultimate web crippling load per web 

Fy = Yield strength of the material 

t = thickness of the web 

h = distance between the flanges 

H = h/t = web slenderness ratio 

k = Fy/49.3 ksi 

N= length of bearing 

R = inside bend radius 

θ = angle between the flanges and the web 

The range of the parameters in this study were height to thickness ratio<170, inside bend radius 

to thickness ratio <10 and 50o<θ<90o. 

 

3.2 Modification of existing design equations at University of Missouri Rolla in 1978 

 

In 1978, Hetrakul and Yu at University of Missouri Rolla conducted experiments on the web 

crippling strength and modified the web crippling design equations. The web crippling design 

equations developed by Hetrakul and Yu were 

(i) For interior one flange loading condition (stiffened and unstiffened flanges): 

𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103
𝐶1𝐶2(16317 − 22.52𝐻) (1 + 0.0069 (

𝑁

𝑡
)) 

If  
𝑁

𝑡
> 60, then (1 + 0.0069 (

𝑁

𝑡
)) is increased to (0.748 + 0.0111 (

𝑁

𝑡
)) 

For end one flange loading (stiffened flanges): 
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𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103
𝐶3𝐶4(10018 − 18.24𝐻) (1 + 0.0102 (

𝑁

𝑡
)) 

If  
𝑁

𝑡
> 60, then (1 + 0.0102 (

𝑁

𝑡
)) is increased to (0.922 + 0.0115 (

𝑁

𝑡
)) 

For end one flange loading (unstiffened flanges): 

𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103
𝐶3𝐶4(6570 − 8.51𝐻) (1 + 0.0099 (

𝑁

𝑡
)) 

If  
𝑁

𝑡
> 60, then (1 + 0.0099 (

𝑁

𝑡
)) is increased to (0.706 + 0.0148 (

𝑁

𝑡
))  

(ii) For interior two flange loading (stiffened and unstiffened flanges) 

𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103 𝐶1𝐶2(23356 − 68.64𝐻) (1 + 0.0013 (
𝑁

𝑡
))  

(iii) For end two flange loading (stiffened and unstiffened flanges) 

𝑃𝑢𝑙𝑡 =
𝐹𝑦𝑡2

103
𝐶3𝐶4(7441 − 17.28𝐻) (1 + 0.0099 (

𝑁

𝑡
)) 

Where: 

Pult = computed ultimate web crippling load per web 

Fy = yield strength of steel 

t = thickness of the web 

k = Fy/33 ksi 

C1 = (1.22-0.22k) 

C2 = (1.06-0.06
𝑅

𝑡
) 

C3 = (1.33-0.33k) 

C4 = 1.15-0.15k) 

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

H = web slenderness ratio, h/t 

N = length of the bearing 

R = inside bend radius 
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The range of parameters in this research were: 

θ = 90o 

33ksi <Fy < 54 ksi 

45 < h/t < 258 

1 < R/t < 3 

11 <N/t <140 

The above modified web crippling strength equations were limited to vertical webs and for 

small R/t and N/t ratios. For these reasons studies were conducted at University of Missouri 

Rolla to make sure the equations were conservative for multi-web deck sections or not. AISI 

(1980) equations were found to conservative for multi-web deck sections at the end of the 

study. 

3.3 Research on effect of flange restraint on web crippling conducted at University of Missouri 

Rolla in 1992 

 

Bhakta, La Boube and Yu at University of Missouri Rolla in 1992 conducted experiments on 

the effect of flange restraint on the web crippling strength. Experiments were conducted on C-

sections, Z-sections, I-sections, multi-web roof and floor deck sections and interior one flange 

loading condition and end one flange loading conditions were taken. The web crippling 

strength of the channel section is not increased or decreased with the effect of the flange 

restraint. There is an increment of 30% in the web crippling strength due to the flange restraint 

on the Z-sections which are subjected to end one flange loading condition. And in the same 

way there is an increment of 3% in the web crippling strength when the Z-sections were 

subjected to interior one flange loading condition. Under one flange loading condition there is 

an increase of 37% in the web crippling strength for the long span roof decks when the flanges 

are fastened to support and 20% increase in the web crippling strength for the floor decks. 
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3.4 Development of a single expression for calculating the web crippling strength at University 

of Missouri Rolla in 1993 

 

Prabakaran has done extensive research on the web crippling strength of the cold-formed steels 

members at University of Waterloo in 1993 and derived one expression for calculating the web-

crippling strength of the cold-formed steel sections: 

𝑃𝑛 = 𝐶𝑡2𝐹𝑦(𝑆𝑖𝑛𝜃) (1 − 𝐶𝑅√
𝑅

𝑡
) (1 + 𝐶𝑁√

𝑁

𝑡
) (1 − 𝐶𝐻√

ℎ

𝑡
) 

Where: 

Pn = nominal web crippling strength per web 

Fy = Yield strength of steel 

t = thickness of the web 

C = coefficient from tables 

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

CR = inside bend radius coefficient 

CN = bearing length coefficient 

CH = web slenderness ratio 

R = inside bend radius 

N = bearing length of load 

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

The range of parameters for this study were: 

(i) For I and Single web sections: 
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ℎ

𝑡
≤ 200 

𝑁

𝑡
≤ 200 

𝑅

𝑡
≤ 4 

𝑁

ℎ
≤ 1 

(ii) For multi-web sections: 

ℎ

𝑡
≤ 200 

𝑁

𝑡
≤ 200 

𝑅

𝑡
≤ 10 

𝑁

ℎ
≤ 2 

3.5 Present AISI design method [1] 

 

The nominal web crippling strength Pn, determined by the present AISI is  

𝑃𝑛 = 𝐶𝑡2𝐹𝑦𝑠𝑖𝑛𝜃 (1 − 𝐶𝑅√
𝑅

𝑡
) (1 − 𝐶𝑁√

𝑁

𝑡
) (1 − 𝐶ℎ√

ℎ

𝑡
)………………… (Eq. 1) 

Where: 

Pn = Nominal web crippling strength [resistance] 

C = coefficient from table 1 and 2 

t = web thickness 

Fy = Design yield stress of the material 

θ= angle between plane of web and plane of the bearing surface, 450 ≤  𝜃 ≤ 900 
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CR = inside bend radius coefficient from tables 1 and 2 

R= Inside bend radius 

CN = Bearing length coefficient from tables 1 and 2 

N = bearing length (3/4 in. (19mm) minimum) 

Ch = web slenderness coefficient from tables 1 and 2 

h = flat dimension of web measured in plane of web 

 

Table 3.5.1: Safety Factors, Resistance Factors and coefficients for Single Web Channel and 

C-Sections [1] 

 

Table 3.5.2: Safety Factors, Resistance Factors and coefficients for Single Web Channel Z-

Sections [1] 

ASD LRFD

End 4 0.14 0.35 0.02 1.75 0.85 R/t<=9

Interior 13 0.23 0.14 0.01 1.65 0.9 R/t<=5

End 7.5 0.08 0.12 0.048 1.75 0.85 R/t<=12

Interior 20 0.1 0.08 0.031 1.75 0.85 R/t<=12

End 4 0.14 0.35 0.02 1.85 0.8

Interior 13 0.23 0.14 0.01 1.65 0.9

End 13 0.32 0.05 0.04 1.65 0.9

Interior 24 0.52 0.15 0.001 1.9 0.8

End 4 0.4 0.6 0.03 1.8 0.85 R/t<=2

Interior 13 0.32 0.1 0.01 1.8 0.85 R/t<=1

End 2 0.11 0.37 0.01 2 0.75

Interior 13 0.47 0.25 0.04 1.9 0.8

Limits

R/t<=1

R/t<=3

R/t<=5

Unfastened to 

Support

Fastened to Support

Two-Flange Loading 

or Reaction

Unstiffened Flanges

Load CasesSupport and Flange Conditions C

One-Flange Loading 

or Reaction

Two-Flange Loading 

or Reaction

Stiffened or Partially Stiffened 

Flanges

One-Flange Loading 

or Reaction

One-Flange Loading 

or Reaction

Two-Flange Loading 

or Reaction

USA and Mexico

Stiffened or Partially Stiffened 

Flanges

ASD LRFD

End 4 0.14 0.35 0.02 1.75 0.85 R/t<=9

Interior 13 0.23 0.14 0.01 1.65 0.9 R/t<=5.5

End 9 0.05 0.16 0.052 1.75 0.85 R/t<=12

Interior 24 0.07 0.07 0.04 1.85 0.8 R/t<=12

End 5 0.09 0.02 0.001 1.8 0.85

Interior 13 0.23 0.14 0.01 1.65 0.9

End 13 0.32 0.05 0.04 1.65 0.9

Interior 24 0.52 0.15 0.001 1.9 0.8

End 4 0.4 0.6 0.03 1.8 0.85 R/t<=2

Interior 13 0.32 0.1 0.01 1.8 0.85 R/t<=1

End 2 0.11 0.37 0.01 2 0.75

Interior 13 0.47 0.25 0.04 1.9 0.8

Stiffened or Partially Stiffened 

Flanges Two-Flange Loading 

or Reaction

USA and Mexico

Limits

R/t<=1

R/t<=3

R/t<=5

Unfastened to 

Support

Fastened to Support

Two-Flange Loading 

or Reaction

Unstiffened Flanges

Load CasesSupport and Flange Conditions C

One-Flange Loading 

or Reaction

Two-Flange Loading 

or Reaction

Stiffened or Partially Stiffened 

Flanges

One-Flange Loading 

or Reaction

One-Flange Loading 

or Reaction
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The range of parameters for the present AISI specification equation are: 

h/t ≤ 200 

N/t ≤ 210 

N/h ≤ 2.0. 

θ = 90o 

3.6 Application of Direct Strength Method for calculating the web crippling strength at 

University of North Texas in 2012 

 

The application of direct strength method to the web-crippling is studied by Praveen at 

University of North Texas in 2012. Praveen extended the applicability of direct strength 

method to the columns in order to develop the equations to determine the web crippling strength 

of the cold-formed steels. The study is performed on End Two Flange loading condition and 

Interior two flange loading conditions. Based on the experimental data the theoretical analysis 

is performed and the web crippling strength equations were developed using Matlab. The 

equations developed were: 

(i) For Interior Two Flange loading condition 

𝑃𝑛 = (−1.031√
𝑃𝑛𝑦

𝑃𝑐𝑟𝑤
+ 3.0473) 𝑃𝑛𝑦 

(ii) For End Two Flange loading condition: 

𝑃𝑛 = (−0.85√
𝑃𝑛𝑦

𝑃𝑐𝑟𝑤
+ 1.53) 𝑃𝑛𝑦 

Where: 

Pn = Computed web crippling strength 

Pny = n*t*Fy 
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t = thickness of the web  

Fy = yield strength of the steel 

Pcrw = Critical elastic web crippling strength from Abaqus 
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CHAPTER 4: FINITE ELEMENT ANALYSIS 

The Interior one flange loading tested data and the End one flange loading tested data 

is taken from researches conducted at different universities. With the help of specimen figures, 

parameters and test setup data the elastic buckling analysis is performed in abaqus. The 

specimens were drafted in Abaqus and elastic buckling analysis is performed. The value Pcr is 

taken from Abaqus. 

This section explains the step by step procedure of modelling and analysis of cold-

formed steel C-section stiffened flanges, which is subjected to interior one flange loading 

condition in Abaqus. The test specimen (SU-2-IOF-1) is taken from the research conducted by 

Nipon Hetrakul at University of Missouri Rolla in 1978. 

4.1 Creating Cold-formed steel C-sections in Part module 

 

Step 1: Click on the Model-1 in the model database and click on part.  

Step 2: Select modelling space as 3D modelling and Type as Deformable.  

Step 3: Select base feature type as Shell Extrusion. 

Step 4: With the help of the sketch tools the part is modelled as shown. The bearing 

plates were also modelled in the same way. 

 

Fig 4.1: C-Section model 
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4.2 Creating Materials in Property module 

Step 1: Click on the materials in the property module.  

Step 2: Click on mechanical  elasticity  elastic 

Step 3: The Young’s modulus and Poisson’s ratio were given based on the material. 

Step 4: The Young’s modulus is given as 29500 for the steel and Poisson’s ratio is given 

as 0.3 for the C-section. 

 

Fig 4.2: Creation of materials and material properties 

4.3 Creation of Sections in Property module 

 Step 1: Click on Create section in property module. 

Step 2: Name the section and create solid homogeneous section for bearing plates and 

shell homogeneous section for C-section 

 Step 3: In the shell homogeneous section the shell thickness values were entered 
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Fig 4.3: Creation of sections 

4.4 Assembly 

With the help of the assembly module the created parts were assembled in the assembly section 

with the help of the tools available.  

 

Fig 4.4: Assembly of C-sections with the bearing plates and supports 
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4.5 Creating a step for the analysis  

A step is created to conduct the buckling analysis on the model. In the procedure type select 

linear perturbation and select buckling.  

 

Fig 4.5: Creating a step 

4.6 Interaction between the parts 

The cold-formed steel C-sections are tied to the supports and the bearing plate with the help of 

the interaction tools. 

 

Fig 4.6: Interaction between the parts 
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4.7 Applying load 

Step 1: The load is applied on the part with the help of the Load module. In the load module 

select Create load and then in the mechanical category select concentrated load  

Step 2: the load is applied on the bearing plate in the negative Y direction. So near CF2, -1 is 

given 

4.8 Boundary conditions 

Step 1: Click on the Create boundary condition option and in the mechanical category 

Symmetry/ Antisymmetry /Encastre is selected.  

Step 2: There will be no movement in the support plates at the bottom of the assembly, hence 

the movements in all directions for the support plates were given as 0, which is also known as 

ENCASTRE.  

Step 3: Since there is load application on the bearing plate, the bearing plate consists of motion 

in the negative Y direction. For creating the boundary conditions for the bearing plate, click on 

create boundary condition and click on mechanical  Displacement or Rotation.  

Step 4: the displacements and rotations in all the directions were made zero except for the U2 

(in the Y direction) 
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Fig 4.8: Boundary condition application 

4.9 Meshing 

Meshing of the part is done with the help of the mesh tools. Steps involves seeding the parts 

and meshing the part instance. 

 

Fig 4.9: Meshing 
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4.10 Analysis 

The model is analysed by creating a new job and by submitting the job for analysis. The critical 

elastic buckling load is noted. 

 

Fig 4.10: Web crippling of cold-formed steel C-section (stiffened flanges) at Mode 1 

subjected to Interior pone flange loading  

The web crippling of the C-section can be clearly seen in the figure 5.10. In the same way 

analysis of C-sections and Z-sections subjected to end one flange loading condition and interior 

one flange loading conditions were done. 

 

Fig 4.11: Web crippling of a C-section subjected to end one flange loading  
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Fig 4.12: Web crippling of a Z-section stiffened flanges subjected to End one flange loading 
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CHAPTER 5: ANALYTICAL STUDY 

 

5.1 Direct strength method for web crippling equation for C Section End One flange Loading 

Unstiffened Flanges Unfastened to Support 
 

 The concept of direct strength method is applied for calculating the web crippling 

strength of cold-formed steel beams and the sample calculations for C section interior one 

flange loading stiffened flanges unfastened to support were shown below. 

 The tested data is taken from the previous research works at different universities and 

the using the tested data the critical buckling analysis is performed in abaqus and Pcr is 

calculated. 

Calculations: 

A sample calculation for the specimen U-SU-3-EOF-1 is calculated. The tested data is taken 

from the previous research performed at University of Missouri Rolla in 1978 by Hetrakul. 

Specimen t(in) Fy(ksi) h (in) R (in) N (in) Pt (kips) 

U-SU-3-EOF-1 0.05 36.26 9.542 0.0625 7 0.858 

 

Table 5.1: Specimen U-SU-3-EOF-1 parameters 

 

Pny = N*t*Fy  

Pt = tested web crippling strength 

Pcr = web crippling strength of the beam calculated using abaqus 

Pny = 7*0.05*36.26 

     = 12.691 kips 

Pt = 0.858 kips 
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Pcr = 1.6413 

√
𝑃𝑛𝑦

𝑃𝑐𝑟
= 7.732 

𝑃𝑡

𝑃𝑛𝑦
 = 0.067 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.4 

𝑃𝑛 = 0.36𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.4 

𝑃𝑛 = 0.2145 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.532

𝑃𝑦 

Pn = 0.9169 kips 

5.2 Direct strength method for web crippling equation for C Section Interior One flange loading 

stiffened Flanges Unfastened to Support 

 

Calculations: 

A sample calculation for the specimen SU-1-IOF-1 is calculated. The tested data is taken from 

the previous research performed at University of Missouri Rolla in 1978 by Hetrakul. 

Specimen t(in) Fy(ksi) h (in) R (in) N (in) Pt (kips) 

SU-1-IOF-1 0.048 43.82 9.829 0.133 1 1.26 

 

Table 5.2: Specimen SU-1-IOF parameters 
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Pny = N*t*Fy  

Pt = tested web crippling strength 

Pcr = web crippling strength of the beam calculated using abaqus 

Pny = 1*0.048*43.82 

     = 2.1033 

Pt = 1.26 

Pcr = 4.0295 

√
𝑃𝑛𝑦

𝑃𝑐𝑟
= 0.7224 

𝑃𝑡

𝑃𝑛𝑦
 = 0.599 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.48 

𝑃𝑛 = 0.68𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.48 

𝑃𝑛 = 0.3102 (√
𝑃𝑦

𝑃𝐶𝑟
)

−1.054

𝑃𝑦 

Pn = 0.9190 kips 

5.3 Direct strength method for web crippling equation for Z Section end one flange loading 

stiffened Flanges fastened to Support 
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Calculations: 

A sample calculation for the specimen Z1.3-F is calculated. The tested data is taken from the 

previous research performed at University of Missouri Rolla in 1992 and 1994 by Hetrakul. 

Specimen t(in) Fy(ksi) h (in) R (in) N (in) Pt (kips) 

Z1.3-F 0.061 61.75 5.847 0.25 2.625 1.575 

 

Table 5.3: Specimen Z1.3-F parameters 

 

Pny = N*t*Fy  

Pt = tested web crippling strength 

Pcr = web crippling strength of the beam calculated using abaqus 

Pny = 2.625*0.061*61.75 

     = 9.888 

Pt = 1.575 

Pcr = 7.3963 

√
𝑃𝑛𝑦

𝑃𝑐𝑟
= 1.156 

𝑃𝑡

𝑃𝑛𝑦
 = 0.159 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.82 
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𝑃𝑛 =
1

4
𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.82 

𝑃𝑛 = 0.1999 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.936

𝑃𝑦 

Pn = 1.725 kips 

5.4 Calculation of Safety and Resistance factors [1] 

 

With the help of AISI S100-12 (North American Specifications for the Design of Cold-formed 

Steel Structural Members 2012 edition) the safety and resistance factors for the designed 

equations were calculated. 

The resistance factor is given by the following equation 

 

Where  

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 
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Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

 Where  

i = index of tests 

= 1 to n 

n = total number of tests 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

Where  
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n = number of tests  

m = degrees of freedom = n-1 

VP = coefficient of variation of test results, but not less than 0.065 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

5.4.1 For C-section End one flange loading stiffened flanges fastened to support 

 

With the help of AISI S100-12 (North American Specifications for the Design of Cold-formed 

Steel Structural Members 2012 edition) the safety and resistance factors for the designed 

equations were calculated. 

The resistance factor is given by the following equation 

 

Where  

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

      =1.1 
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Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

Where  

i = index of tests 

= 1 to n 

n = total number of tests 

   =6 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.001 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 

       = 0.1 
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VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

Where  

n = number of tests =6 

m = degrees of freedom = n-1=5 

VP = coefficient of variation of test results, but not less than 0.065 

     = 0.0645 

VQ = Coefficient of variation of load effect 

           = 0.21 for LRFD 

ϕ = 0.8952 

Ω = 1.6/0.8952 

    = 1.787 

5.4.2 Calculation of Safety and Resistance factors for C-section End one flange loading 

stiffened flanges unfastened to support 
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Where  

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

      =1.1 

Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

 Where  

i = index of tests 

= 1 to n 

n = total number of tests 

   =6 
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Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.0059 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 

       = 0.1 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

Where  

n = number of tests =6 

m = degrees of freedom = n-1=5 
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VP = coefficient of variation of test results, but not less than 0.065 

     = 0.1202 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

ϕ = 0.8126 

Ω = 1.6/0.8952 

    = 1.969 

5.4.3 Calculation of Safety and Resistance factors for C-section End one flange loading 

unstiffened flanges unfastened to support 

 

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

      =1.1 

Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
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 Where  

i = index of tests 

= 1 to n 

n = total number of tests 

   =6 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis 

model 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.0147 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

       = 0.1 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 
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     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

     =1.196 

Where  

n = number of tests =6 

m = degrees of freedom = n-1=5 

VP = coefficient of variation of test results, but not less than 0.065 

     = 0.1634 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

ϕ = 0.8063 

Ω = 1.6/0.8952 

    = 1.984 

5.4.4 Calculation of Safety and Resistance factors for C-section Interior one flange loading 

stiffened flanges unfastened to support 

 

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 
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Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

      =1.1 

Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

 Where  

i = index of tests 

= 1 to n 

n = total number of tests 

   =6 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.0264 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 
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VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 

       = 0.1 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

     =1.1287 

Where  

n = number of tests =6 

m = degrees of freedom = n-1=5 

VP = coefficient of variation of test results, but not less than 0.065 

     = 0.23648 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

ϕ = 0.7226 

Ω = 1.6/0.7226 

    = 2.214 
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5.4.5 Calculation of Safety and Resistance factors for C-section Interior one flange loading 

unstiffened flanges unfastened to support 

 

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

      =1.1 

Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

 Where  

i = index of tests 

= 1 to n 

n = total number of tests 

   =8 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 
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Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.01 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 

       = 0.1 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

     =1.575 

Where  

n = number of tests =8 

m = degrees of freedom = n-1=7 

VP = coefficient of variation of test results, but not less than 0.065 
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     = 0.1571 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

ϕ = 0.78 

Ω = 1.6/0.78 

    = 2.05 

5.4.6 Calculation of Safety and Resistance factors for Z-section End one flange loading 

stiffened flanges fastened to support 

 

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

      =1.1 

Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

 Where  



56 
 

i = index of tests 

= 1 to n 

n = total number of tests 

   =18 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.0004 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 

       = 0.1 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 
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     =5.7 for n=3 

     =1.12153 

Where  

n = number of tests =18 

m = degrees of freedom = n-1=17 

VP = coefficient of variation of test results, but not less than 0.065 

     = 0.17386 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

ϕ = 0.7885 

Ω = 1.6/0.7885 

    = 2.0291 

5.4.7 Calculation of Safety and Resistance factors for Z-section End one flange loading 

stiffened flanges unfastened to support 

 

ϕ = Resistance factor 

Cϕ = Calibration coefficient  

= 1.52 for LRFD 

= 1.42 for LSD 

Mm = Mean value of material factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 
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      =1.1 

Fm = Mean value of the fabrication factor (taken from the Table F1 – statistical data for the 

determination of resistance factor) 

     =1 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

 Where  

i = index of tests 

= 1 to n 

n = total number of tests 

   =18 

Rt, i = tested strength [resistance] of test i 

Rn, i = calculated nominal strength [resistance] of test i per rational engineering analysis model 

Pm = 
∑

𝑅𝑡,𝑖
𝑅𝑛,𝑖

𝑛
𝑖=1

𝑛
 

     = 1.01007 

e = natural logarithmic base  

   = 2.718 

βo = 2.5 for structural members for LRFD 

VM = Coefficient of variation of material factor (taken from the Table F1 – statistical data for 

the determination of resistance factor) 
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       = 0.1 

VF = Coefficient of variation of fabrication factor (taken from the Table F1 – statistical data 

for the determination of resistance factor) 

      =0.05 

CP = correlation factor 

     =
(1+

1

𝑛
)𝑚

𝑚−2
 𝑓𝑜𝑟 𝑛 ≥ 4 

     =5.7 for n=3 

     =1.1963 

Where  

n = number of tests =18 

m = degrees of freedom = n-1=17 

VP = coefficient of variation of test results, but not less than 0.065 

     = 0.1387 

VQ = Coefficient of variation of load effect 

      = 0.21 for LRFD 

ϕ = 0.834 

Ω = 1.6/0.834 

    = 1.918 
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CHAPTER 6: RESULTS 
 

6.1 Comparison of Direct Strength Method predicted curves with the tested data 

 

 

Fig 6.1: Comparison of DSM curves with tested data for C-section IOF loading condition 

A graph between √
𝑃𝑦

𝑃𝑐𝑟
𝑣𝑠

𝑃𝑡

𝑃𝑦
 is plotted and curve fitting is done. With the help of the curve an 

equation is generated. The new generated equation is used for calculating the web crippling 

strength of the cold-formed steels C-sections subjected to IOF loading condition.  

Equations generated with the help of the graph were: 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.48 

𝑃𝑛 = 0.68𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.48 

𝑃𝑛 = 0.3102 (√
𝑃𝑦

𝑃𝐶𝑟
)

−1.054

𝑃𝑦 
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Fig 6.2: Comparison of DSM curves with the tested data for Z-section EOF loading condition 

For the data from the Z-section EOF loading, curve fitting is done and equations were generated 

for calculating the web crippling strength. 

The equations generated were: 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.82 

𝑃𝑛 =
1

4
𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.82 

𝑃𝑛 = 0.1999 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.936

𝑃𝑦 
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Fig 6.3: Comparison of DSM curves with tested data for Z-section EOF loading condition 

For the data taken from the Z-section End one flange loading condition, a graph is plotted and 

curve fitting is done. Equation generated from the data are used to calculate the web crippling 

strength of the Z – section cold formed steels subjected to EOF loading condition.  

The equations generated were: 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.75 

𝑃𝑛 = 0.2𝑃𝑦  

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.75 

𝑃𝑛 = 0.1716 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.338

𝑃𝑦 
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Fig 6.4: Comparison of C-section End One Flange Loading DSM curves with the tested data 

 

For the data taken from the C-section End one flange loading condition, a graph is plotted and 

curve fitting is done. Equation generated from the data are used to calculate the web crippling 

strength of the C – section cold formed steels subjected to EOF loading condition.  

The equations generated were: 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.76 

𝑃𝑛 = 0.29𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.76 

𝑃𝑛 = 0.2177 (√
𝑃𝑦

𝑃𝐶𝑟
)

−1.079

𝑃𝑦 
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Fig 6.5: Comparison of DSM curves with the tested data 

 

For the data taken from the C-section End one flange loading condition, a graph is plotted and 

curve fitting is done. Equation generated from the data are used to calculate the web crippling 

strength of the C – section cold formed steels subjected to EOF loading condition.  

The equations generated were: 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.44 

𝑃𝑛 = 0.28𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.44 

𝑃𝑛 = 0.1931 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.52

𝑃𝑦 
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Fig 6.6: Comparison of DSM curves with tested data for C-section EOF loading condition 

For the data taken from the C-section End one flange loading condition, a graph is plotted and 

curve fitting is done. Equation generated from the data are used to calculate the web crippling 

strength of the C – section cold formed steels subjected to EOF loading condition.  

The equations generated were: 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.4 

𝑃𝑛 = 0.36𝑃𝑦 

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.4 

𝑃𝑛 = 0.2145 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.532

𝑃𝑦 
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Fig 6.7: Comparison of DSM curves with the tested data for C-section IOF loading condition 

 

For the data taken from the C-section End one flange loading condition, a graph is plotted and 

curve fitting is done. Equation generated from the data are used to calculate the web crippling 

strength of the C – section cold formed steels subjected to EOF loading condition.  

The equations generated were: 

𝜆 = √
𝑃𝑦

𝑃𝐶𝑟
 

𝑤ℎ𝑒𝑛 𝜆 ≤ 0.15 

𝑃𝑛 = 1.22𝑃𝑦  

𝑤ℎ𝑒𝑛 𝜆 ≥ 0.15 

𝑃𝑛 = 0.31 (√
𝑃𝑦

𝑃𝐶𝑟
)

−0.733

𝑃𝑦 
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The final equations developed were generalized for calculating the web crippling strength 

When 𝜆 <= α 

 

When 𝜆 >= α 

 

The A, B and C values changes with the respect to the loading condition and member cross-

section 

 

 

Table 6.8: Generalization of developed equations  

 

Cross-Section Flanges Fastened to Support When λ A B C

0.25 - -

- 0.1999 -0.936

0.36 - -

- 0.2145 -0.532

0.2 - -

- 0.1716 -0.338

1.22 - -

- 0.31 -0.733

0.29 - -

- 0.2177 -1.079

0.28 - -

- 0.1931 -0.52

0.3102 -1.054

0.68 -

-

-

Stiffened Fastened

C EOF Stiffened Unfastened

Stiffened Unfastened

C IOF Unstiffened Unfastened

Loading Condition

Z EOF

C EOF

C

EOF

EOF

Stiffened Unfastened

Stiffened Fastened

Unstiffened Unfastened

IOFC

Z

𝑃𝑛 = 𝐴 𝑃𝑦 

𝑃𝑛 = 𝐵𝑃𝑦𝜆−𝐶   
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CHAPTER 7: CONCLUSION 
  

 The web crippling strength of the cold-formed steel C-sections and Z-sections subjected 

to End One Flange loading and Interior One Flange loading conditions is determined using 

Direct Strength Method. Based on the previous research test results the analysis is performed 

and strength is determined.  

 Safety and resistance factors were calculated according to the AISI standards. Abaqus 

is used as the main tool for calculating the critical elastic buckling load of the C-sections and 

Z-sections.  

 Calculating the web crippling strength for other sections like hat section, I-section can 

be considered as the future work. Direct strength method can be used to determine the web 

crippling strength because it generates the optimal cross-section and the elastic buckling 

behaviour for a beam or column can be correctly determined. 
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CHAPTER 8: APPENDIX 
 

All the tested data is taken from the previous researches conducted at various universities. 

 

Table 9.1: C-section beams subjected to End One Flange loading condition, tested at 

University of Missouri Rolla in 1992 by Bhavnesh H. Bhakta 

 

 

Table 9.2: C-section beams subjected to End One Flange loading condition, tested at 

University of Missouri Rolla in 1992 by Bhavnesh H. Bhakta 

 

Table 9.3: C-section beams subjected to End One Flange loading condition, tested at 

University of Missouri Rolla in 1978 by Hetrakul 

 

Specimen t (in) Fy (ksi) h (in) R (in) N (in) Pt (kips) Pcr Py Sqrt(Py/Pcr) Pt/Py PAISI Pn Pt/PAISI Pt/Pn

C1-F 0.11 56.74 7.44154 0.16 2.63 4.575 27.404 16.235 0.769689548 0.2818 7.109 4.6878 0.643566 0.975938

C2-F 0.11 56.74 7.55305 0.16 2.63 4.706 26.783 16.235 0.778561561 0.2899 7.116 4.6302 0.661294 1.016374

C5-F 0.06 59.99 7.4185 0.16 2.63 1.863 6.0186 10.078 1.294035919 0.1849 3.026 1.6613 0.615722 1.121389

C6-F 0.06 59.99 7.42298 0.16 2.63 1.663 6.3878 10.078 1.256083228 0.165 3.026 1.7156 0.549593 0.969363

C9-F 0.06 62.68 8.276 0.31 2.63 1.494 4.8935 10.366 1.455424315 0.1441 2.743 1.5052 0.544725 0.992565

C10-F 0.06 62.68 8.285 0.31 2.63 1.488 5.4343 10.366 1.381107926 0.1436 2.743 1.5928 0.542482 0.934225

Specimen t (in) Fy (ksi) h (in) R (in) N (in) Pt (kips) Py Pcrw sqrt(Py/Pcr) Pt/Py P AISI Pn Pt/PAISI Pt/Pn

C3 0.11 56.74 7.52002 0.16 2.63 4.269 16.2347 19.68 0.82480986 0.262955 7.114132 3.465161 0.600073 1.231977

C4 0.11 56.74 7.49648 0.16 2.63 4.244 16.2347 34.42 0.47161087 0.261415 7.112544 4.634083 0.596692 0.915823

C7 0.06 59.99 7.41203 0.16 2.63 1.525 10.0783 7.436 1.35535981 0.151315 3.025481 1.661506 0.504052 0.917842

C8 0.06 59.99 7.40998 0.16 2.63 1.55 10.0783 7.434 1.35566974 0.153795 3.025407 1.661309 0.512328 0.932999

C11 0.06 62.68 8.269 0.31 2.63 1.494 10.3657 5.879 1.76314487 0.144129 2.742454 1.490429 0.544768 1.002396

C12 0.06 62.68 8.284 0.31 2.63 1.513 10.3657 5.674 1.82700666 0.145962 2.742917 1.463108 0.551602 1.0341

Specimen t (in) Fy (ksi) h' (in) R (in) N (in) Pt (kips) Py Pcr Py sqrt(Py/Pcr) Pt/Py Pt/Peq

U-SU-3-EOF-1 0.05 36.26 9.542 0.0625 7 0.858 12.691 1.6413 12.691 7.73228538 0.067607 0.935716

U-SU-3-EOF-2 0.05 36.26 9.539 0.0625 7 1.075 12.691 1.6382 12.691 7.74691735 0.084706 1.173551

U-SU-4-EOF-1 0.05 36.26 4.816 0.047 4.25 1.228 7.70525 3.48 7.70525 2.2141523 0.159372 1.134057

U-SU-4-EOF-2 0.049 36.26 4.829 0.047 4.25 1.095 7.551145 3.465 7.551145 2.17926263 0.145011 1.023186

U-SU-5-EOF-1 0.0485 36.26 7.184 0.0625 5.25 0.995 9.2327025 2.0992 9.2327025 4.3982005 0.107769 1.104814

U-SU-5-EOF-2 0.049 36.26 7.195 0.0625 5.25 1.034 9.327885 2.652 9.327885 3.51730204 0.11085 1.009006

U-SU-9-EOF-1 0.0505 41.18 7.163 0.0781 6 1.26 12.47754 2.2497 12.47754 5.54631284 0.100981 1.171183

U-SU-9-EOF-2 0.051 41.18 7.165 0.0781 6 1.294 12.60108 2.308 12.60108 5.45974003 0.10269 1.181067

U-SU-10-EOF-1 0.051 41.18 9.408 0.0781 7 1.102 14.70126 2.4598 14.70126 5.97660785 0.07496 0.904636

U-SU-10-EOF-2 0.051 41.18 9.39 0.0781 7 1.06 14.70126 2.261 14.70126 6.50210526 0.072103 0.910057

U-SU-17-EOF-1 0.049 36.26 4.862 0.047 1 0.628 1.77674 3.9576 1.77674 0.4489438 0.353456 1.076154

U-SU-17-EOF-2 0.049 36.26 4.809 0.047 1 0.598 1.77674 3.612 1.77674 0.49189922 0.336571 1.075792

U-SU-17-EOF-5 0.049 36.26 4.793 0.047 3 0.898 5.33022 3.7536 5.33022 1.42002877 0.168473 0.946512

U-SU-17-EOF-6 0.0485 36.26 4.823 0.047 3 0.835 5.27583 3.6213 5.27583 1.45688841 0.158269 0.901387

U-SU-18-EOF-1 0.0485 36.26 9.458 0.047 1 0.472 1.75861 1.816 1.75861 0.96839758 0.268394 1.230058

U-SU-18-EOF-2 0.049 36.26 9.538 0.047 1 0.428 1.77674 1.673 1.77674 1.06200837 0.240891 1.159558

U-SU-18-EOF-5 0.05 36.26 9.531 0.047 3 0.568 5.439 2.9776 5.439 1.8266389 0.104431 0.670813

U-SU-18-EOF-6 0.049 36.26 9.534 0.047 3 0.545 5.33022 2.9123 5.33022 1.83024414 0.102247 0.657474
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Table 9.4: C-section beams subjected to Interior One Flange loading condition, tested at 

University of Missouri Rolla in 1978 by Hetrakul 

 

 

Table 9.5: C-section beams subjected to Interior One Flange loading condition, tested at 

University of Missouri Rolla in 1998 by Young and Hancock 

Specimen t (in) Fy (ksi) h' (in) R (in) N (in) Pt (kips) Py(lbs) Pcr sqrt(Py/Pcr) Pt/Py

SU-1-IOF-1 0.048 43.82 9.829 0.133 1 1.26 2.10336 4.0295 0.722488977 0.599

SU-1-IOF-2 0.0475 43.82 9.908 0.125 1 1.175 2.08145 3.3976 0.782702764 0.5645

SU-1-IOF-5 0.0485 43.82 9.855 0.125 3 1.45 6.37581 3.2302 1.40492447 0.2274

SU-1-IOF-6 0.048 43.82 9.849 0.125 3 1.385 6.31008 4.0451 1.248972285 0.2195

SU-2-IOF-1 0.049 43.82 12.25 0.125 1 1.145 2.14718 3.0822 0.834648887 0.5333

SU-2-IOF-2 0.05 43.82 12.21 0.125 1 1.305 2.191 3.2296 0.82365781 0.5956

SU-2-IOF-5 0.048 43.82 12.21 0.125 3 1.385 6.31008 3.3816 1.366017664 0.2195

SU-2-IOF-6 0.049 43.82 12.25 0.125 3 1.455 6.44154 3.4146 1.373488211 0.2259

SU-4-IOF-1 0.0494 47.12 4.861 0.0781 1 1.526 2.327728 10.147 0.478957838 0.6556

SU-4-IOF-2 0.0498 47.12 4.835082 0.0781 1 1.525 2.346576 10.041 0.483424691 0.6499

SU-4-IOF-3 0.0502 47.12 4.839782 0.0938 2 1.77 4.730848 12.034 0.626995601 0.3741

SU-4-IOF-4 0.05 47.12 4.831 0.0859 2 1.775 4.712 12.297 0.619017682 0.3767

SU-4-IOF-5 0.05 47.12 4.834 0.0781 3 2.085 7.068 12.539 0.75078713 0.295

SU-4-IOF-6 0.05 47.12 4.809 0.0781 3 1.985 7.068 12.178 0.761833885 0.2808

SU-5-IOF-1 0.0495 47.12 6.094 0.0938 1 1.403 2.33244 7.4895 0.558057344 0.6015

SU-5-IOF-2 0.0502 47.12 6.077 0.0938 1 1.48 2.365424 7.7054 0.554060137 0.6257

SU-5-IOF-3 0.05 47.12 6.095 0.0977 2 1.75 4.712 8.5067 0.744255551 0.3714

SU-5-IOF-4 0.0505 47.12 6.079 0.0938 2 1.83 4.75912 9.1581 0.720876117 0.3845

SU-5-IOF-5 0.0504 47.12 6.085 0.0898 3 2.08 7.124544 9.3334 0.873692479 0.2919

SU-5-IOF-6 0.0503 47.12 6.091 0.0938 3 1.835 7.110408 9.1274 0.882619908 0.2581

SU-6'-IOF-1 0.05 47.12 7.271 0.0938 1 1.48 2.356 5.8716 0.633445729 0.6282

SU-6'-IOF-2 0.05 47.12 7.31 0.0859 1 1.58 2.356 5.8212 0.636182008 0.6706

SU-6'-IOF-3 0.0495 47.12 7.281 0.0898 2 1.89 4.66488 6.3855 0.854717869 0.4052

SU-6'-IOF-4 0.0497 47.12 7.34 0.0938 2 1.815 4.683728 6.2813 0.863517344 0.3875

SU-6'-IOF-5 0.0492 47.12 7.298 0.0938 3 2.085 6.954912 6.2052 1.058687847 0.2998

SU-6'-IOF-6 0.0503 47.12 7.279 0.0898 3 1.89 7.110408 5.8042 1.106817651 0.2658

Specimen t inches Fy Ksi h inches R inches N inches Pt (kN) Pt Kips Pny Kips d L Pcr sqrt(Py/Pcr) Pt/Py

S1IOF125N65-a 0.151698 58.740269 4.323 0.15327 2.5545 63.6 14.29728 22.76259 125 618.5 237.15 0.309812745 0.628104

S1IOF125N65-b 0.151698 58.740269 4.323 0.15327 2.5545 63.6 14.29728 22.76259 125 619.3 237.15

S1IOF125N32.5-a 0.151698 58.740269 4.323 0.15327 1.27725 57.4 12.90352 11.3813 125 587 218.24 0.228364541 1.133748

S1IOF125N32.5-b 0.151698 58.740269 4.323 0.15327 1.27725 57.4 12.90352 11.3813 125 586.8 218.24

S1IOF200N75-a 0.186282 60.190646 7.13295 0.16506 2.9475 94.5 21.2436 33.04865 198.9 855.2 273.19 0.347811914 0.642798

S1IOF200N75-b 0.185889 60.190646 7.12116 0.16506 2.9475 94.5 21.2436 32.97893 198.7 855.2 273.19

S1IOF200N37.5-a 0.185496 60.190646 7.1133 0.16506 1.47375 91.2 20.50176 16.4546 198.7 816.8 412.674 0.199682557 1.245959

S1IOF200N37.5-b 0.186282 60.190646 7.13295 0.16506 1.47375 91.2 20.50176 16.52432 198.8 817.5 412.674

S2IOF80N40-a(1) 0.151305 40.610556 2.55843 0.1572 1.572 43.9 9.86872 9.65928 80.3 369.8 422.43 0.151215045 1.021683

S2IOF80N40-b(1) 0.149733 40.610556 2.53092 0.1572 1.572 43.9 9.86872 9.558924 80.3 368.7 422.95

S2IOF80N40-a(2) 0.150912 40.610556 2.55057 0.1572 1.572 44.2 9.93616 9.634191 80.3 370 307.83 0.176909907 1.031343

S2IOF80N40-b(2) 0.150126 40.610556 2.53878 0.1572 1.572 44.2 9.93616 9.584013 80.2 370 307.83

S2IOF140N50-a 0.152877 42.060933 4.89285 0.1572 1.965 49.7 11.17256 12.63524 140 559.4 178.85 0.265795321 0.884238

S2IOF140N50-b 0.15327 42.060933 4.90464 0.1572 1.965 49.7 11.17256 12.66772 140 559 178.85

S2IOF150N75-a 0.151305 39.885368 5.23476 0.1572 2.9475 55.1 12.38648 17.78774 149.3 614.5 183.71 0.311167297 0.696349

S2IOF150N75-b 0.151305 39.885368 5.23476 0.1572 2.9475 55.1 12.38648 17.78774 149.2 615.5 183.71
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Table 9.6: Z-section beams subjected to End One Flange loading condition, tested at 

University of Missouri Rolla in 1994 by James E. Langan 

 

 

Table 9.7: Z-section beams subjected to End One Flange loading condition, tested at 

University of Missouri Rolla in 1994 by James E. Langan 

 

 

 

 

Specimen t (in) Fy (ksi) h (in) R (in) N (in) Pt (kips) Pcr Pn Speci Py Pn= Sqrt(Py/Pcr) Pt/Py

Z1.3-F 0.061 61.75 5.84697 0.25 2.63 1.575 7.3963 2.595769294 9.887719 1.725451 1.15622084 0.159289

Z1.4-F 0.061 61.75 5.83099 0.25 2.63 1.57 7.4238 2.595187991 9.887719 1.728451 1.15407736 0.158783

Z2.3-F 0.083 65.19 5.80303 0.25 2.63 3.099 17.133 4.711667087 14.20327 3.099684 0.91049483 0.218189

Z2.4-F 0.083 65.19 5.80303 0.25 2.63 3.093 17.321 4.711667087 14.20327 3.115556 0.90554015 0.217767

Z3.3-F 0.061 62.03 7.84698 0.25 2.63 1.703 5.19 2.675203012 9.932554 1.465371 1.38339685 0.171456

Z3.4-F 0.061 62.03 7.86199 0.25 2.63 1.745 6.3963 2.675675739 9.932554 1.615935 1.24613774 0.175685

Z4.3-F 0.083 63.05 7.83404 0.25 2.63 2.766 12.519 4.662693827 13.73702 2.629264 1.04751783 0.201354

Z4.4-F 0.083 63.05 7.83404 0.25 2.63 2.725 12.651 4.662693827 13.73702 2.642202 1.04203863 0.198369

Z5.3-F 0.059 73.11 8.88198 0.25 2.63 1.406 3.694 3.009214339 11.32291 1.340007 1.75077609 0.124173

Z5.4-F 0.059 73.11 8.86599 0.25 2.63 1.396 4.0088 3.00868041 11.32291 1.392289 1.68062901 0.12329

Z6.3-F 0.075 73.78 8.83403 0.25 2.63 1.353 8.0013 4.618109915 14.52544 2.196568 1.34736212 0.093147

Z6.4-F 0.075 73.78 8.85 0.25 2.63 1.328 7.5774 4.618854282 14.52544 2.141317 1.3845368 0.091426

Z7.3-F 0.075 56.89 10.74 0.31 2.63 2.024 5.8931 3.478005354 11.20022 1.657762 1.37860975 0.180711

Z7.4-F 0.075 56.89 10.724 0.31 2.63 2.05 5.5067 3.477505494 11.20022 1.605974 1.42615768 0.183032

Z3-F 0.07 61.13 9.29103 0.33 2.63 1.894 5.6454 3.218944122 11.23264 1.62728 1.41056633 0.168616

Z4-F 0.07 61.13 9.27647 0.33 2.63 1.831 5.6902 3.218471611 11.23264 1.633311 1.40500253 0.163007

Z7-F 0.1 64.9 7.195 0.33 2.63 4.113 22.018 6.314553575 17.03625 3.839934 0.87962602 0.241426

Z8-F 0.1 64.9 7.186 0.33 2.63 3.95 22.21 6.31398058 17.03625 3.855569 0.87581569 0.231859

Specimen t (in) Fy (ksi) h (in) R (in) N (in) Pt (kips) Py Pcr Pn AISI sqrt(Py/Pcr) Pt/Py Pn Pt/PAISI Pt/Pn

Z1.1 0.06 61.75 5.847 0.25 2.63 1.036 9.88771875 3.8925 1.073208 2.540197495 0.104776 1.238136 0.96533 0.836742

Z1.2 0.06 61.75 5.831 0.25 2.63 0.993 9.88771875 3.8962 1.073194 2.537785214 0.100428 1.238533 0.925275 0.801755

Z2.1 0.08 65.19 5.803 0.25 2.63 2.056 14.20327125 9.8923 2.125468 1.43579059 0.144755 2.156795 0.967316 0.953266

Z2.2 0.08 65.19 5.803 0.25 2.63 2.036 14.20327125 10.09 2.125468 1.407658201 0.143347 2.171269 0.957907 0.937701

Z3.1 0.06 62.03 7.847 0.25 2.63 1.261 9.93255375 3.1653 1.079731 3.137950194 0.126956 1.158009 1.167883 1.088938

Z3.2 0.06 62.03 7.862 0.25 2.63 1.205 9.93255375 3.2034 1.079743 3.100628629 0.121318 1.162701 1.116007 1.03638

Z4.1 0.08 63.05 7.818 0.25 2.63 1.955 13.73701875 7.4339 2.058435 1.847888558 0.142316 1.915461 0.949751 1.020642

Z4.2 0.08 63.05 7.818 0.25 2.63 2.011 13.73701875 7.5733 2.058435 1.813874896 0.146393 1.927527 0.976956 1.043306

Z5.1 0.06 73.11 8.882 0.25 2.63 1.328 11.32291125 2.3303 1.189459 4.858992941 0.117284 1.138735 1.116474 1.166206

Z5.2 0.06 73.11 8.866 0.25 2.63 1.319 11.32291125 2.443 1.189446 4.634838825 0.116489 1.157059 1.108919 1.139959

Z6.1 0.08 73.78 8.834 0.25 2.63 1.327 14.5254375 5.2315 1.960323 2.776533977 0.091357 1.764991 0.676929 0.751845

Z6.2 0.08 73.78 8.85 0.25 2.63 1.303 14.5254375 4.84 1.960342 3.00112345 0.089705 1.719193 0.66468 0.757914

Z7.1 0.08 56.89 10.74 0.31 2.63 1.524 11.20021875 3.9582 1.477838 2.829624261 0.136069 1.352258 1.031236 1.127004

Z7.2 0.08 56.89 10.724 0.31 2.63 1.529 11.20021875 3.9696 1.477825 2.821498073 0.136515 1.353573 1.034629 1.129603

Z1 0.07 61.13 9.283 0.33 2.63 1.394 11.2326375 3.7852 1.366673 2.967514927 0.124103 1.334536 1.019995 1.044558

Z2 0.07 61.13 9.27 0.33 2.63 1.388 11.2326375 3.8175 1.366663 2.94240668 0.123568 1.338374 1.015613 1.037079

Z5 0.1 64.9 7.211 0.33 2.63 3.125 17.03625 14.195 3.015352 1.200158507 0.183432 2.748582 1.036363 1.13695

Z6 0.1 64.9 7.205 0.33 2.63 3.219 17.03625 14.181 3.015342 1.201343347 0.18895 2.747665 1.067541 1.17154
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