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ABSTRACT 

The web crippling strength of cold-fonned plain channel steel section beams was 

investigated theoretically and experimentally in this research program. The web 

crippling strength in this thesis is tenned the ultimate web crippling load and this was 

theoretically analysed using two different design specifications and a plastic 

mechanism approach. The two design specifications used in this research program 

were BS 5950 Part 5:1987 and European Recommendations For The Design of Light 

Gauge Steel Members, 1987. In the plastic mechanism approach, a plastic mechanism 

model of web crippling failure was developed and analysed using a method of yield 

line analysis. This approach has resulted in analytical expressions and these are 

specially used to analyse the ultimate web crippling load of the plain channel section 

beams subjected to combined actions of web crippling and bending. 

Besides the theoretical investigations, experimental investigations were also carried 

out for many plain channel section beam specimens of various dimensions. In the 

experimental investigations, test loads applied to the specimens were varied according 

to the loading conditions specified by AISI 1986 and they were trans fered onto the 

specimens through various load bearing lengths. The experimental results were used 

to study the influence of various factors on the ultimate web crippling loads and to 

verify the theoretical results. The accuracy of theoretical results was statistically 

analysed and their deviations from the experimental results were limited within the 

acceptable scatter values ± 20%. Some examples of the web crippling behaviour of 



the specimens characterized by their experimental load-deflection curves were also 

presented and, especially for the specimens under combined actions of web crippling 

and bending, their experimental load-deflection curves were compared to the 

theoretical collapse curves obtained from the plastic mechanism approach. Finally, 

the results of the experiments and the verification of each theory used in this research 

program are discussed and concluded in the last three chapters of this thesis. 
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NOTATION 

The symbols defined in the following lists are the most important ones which are 

frequently used only and definitions of the other symbols can be found in the text 

where they exist. 

B : Flange width 

b : Yield arc depth 

bef : Reduced effective width of compression elements in European 

Recommendations 1987 

beu : effective width of the top flange according to BS 5950 Part 5 1987 

D : Overall web depth in BS 5950 Part 5 1987 

E : Modulus of elasticity 

EOF : End one-flange loading 

ETF : End two-flange loading 

fty : Design value of yield stress in European Recommendations 1987 

Fe : Theoretical ultimate web crippling load of a specimen subjected to web 

crippling only 

FCB : Theoretical ultimate web crippling load of a specimen subjected to 

combined actions of web crippling and bending 

FCBl : FCB obtained from the first procedure of the plastic mechanism approach 

FCB2 : FCB obtained from the second procedure of the plastic mechanism approach 

Fe : Experimental ultimate web crippling load 

iii 



hw : Web depth or web height 

hwlt : Web slenderness ratio 

Ix : The second moment of effective cross section about the neutral axis 

IOF : Interior one-flange loading 

ITF : Interior two-flange loading 

K : Coefficient of buckling 

1 : Span length 

L : The whole length of specimen 

M : Applied bending moment 

Me : Moment capacity of the section according to BS 5950 Part 5 1987 

Md : Design strength with respect to bending moment according to 

European Recommendations 1987 

Mmax : Maximum applied bending moment = Fcn(l-n)/4 

Mp : Fully plastic moment = (Jy b t2/4 

Mp' : Reduced plastic moment or moment capacity of a plastic hinge whose 

direction is perpendicular to the direction of applied load = 1\,[ 1 -

(PIC Oybt) } 2] 

~" : Moment capacity of a plastic hinge whose direction inclines at an angle of 

P to the direction of applied load = ~ [1 - {P/Coybt)}2] sec2p 

Mo : Out of plane bending moment accounting for the effect of round 

corner between the top flange and the web in the analysis using plastic 

mechanism approach 

n : Load bearing length 
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nit : Bearing length ratio 

P : Applied concentrated load = Fe or FCB 

Po : Limiting compressive stress in the web according to BS 5950 Part 5 

1987 

Per : Local buckling stress 

Py : The design strength in BS 5950 Part 5 1987 

r : Inside bend radius 

rlt : Inside bend radius ratio 

Rd : Design strength with respect to web crippling in European 

Recommendations 1987 

R : Support reaction or concentrated load in European Recommendations 

1987 

t : Web thickness or flange thickness 

WI: Energy dissipation at plastic hinge lines 2, 5 and 8 

W2 : Energy dissipation at plastic hinge lines 1, 3 and 6 

W 3 : Energy dissipation at plastic hinge lines 4 and 7 

Wefe : Elastic section modulus in compression region according to European 

Recommendations 1987 

Weft : Elastic section modulus in tension region according to European 

Recommendations 1987 

Wext : External energy due to virtual displacement of applied load P 

W fl : Energy dissipation at top flange mechanisms 

W w : Energy dissipation at web mechanisms 

v 



Ye : Distance from the neutral axis to the top flange (compression region) 

Yt : Distance from the neutral axis to the bottom flange (tension region) 

Zc : Elastic section modulus in compression region according to BS 5950 

Part 5 1987 = liYe 

Zt : Elastic section modulus in tension region according to BS 5950 Part 5 

E> : Web inclination 

il : Overall maximum lateral deflection of web 

ilh : Web crippling deformation, i.e. the decrease of web height due to the 

action of applied load 

O'e : Compressive stress carried by the top flange 

',f 

Ocr : Buckling stress 

0max : Maximum compressive stress 

O'y : Yield strength of the basic material 

v : Poisson's ratio 

'P. : Reduction coefficient accounting for shear lag in European 

Recommendations 1987 

p : Reduction coefficient accounting for local buckling in European 

Recommendations 1987 
, 

Ap : Slenderness parameter 

vi 
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CHAPTER 1 : INTRODUCTION 

1.1. GENERAL. 

A cold-formed plain channel steel section is one of various types of cold-fonned steel 

sections generally used in structural framing. Examples of these types of sections can 

be seen in Figure 1.1 and they are formed in the cold state from steel sheets, strips, 

plates, or flat bars in roll-fonning machines or by press brake or bending brake 

operations. The thickness of steel sheets or strips nonnally used in cold-fonned steel 

structures ranges from 0.3 mm to about 6 mm. Cold-formed sections are not 

necessarily formed from thin steel sheets, steel plates as thick as 18 mm can be 

successfully cold-fonned into structural shapes. 

The cold-formed steel sections have a wide range of applications such as in 

automobiles, ships, railway coaches, bridge and building construction, storage racks 

etc. They are called cold-formed sections to distinguish them from the familiar group 

of hot-rolled shapes and members built up of plates. The application of cold-formed 

steel sections compared with that of hot-rolled steel sections in building construction 

provides the following advantages : 

More economical design can be achieved for relatively light loads and/or short 

span. 

Reducing weight and consequently high strength to weight ratio can be 

obtained. 

In the case of panels and decks, they can be used for floor, roof, wall 

1 



CHAPTER I : [.""TRODlICTION 

construction and they can also be used as shear diaphragms, enclosed cells for 

electrical and other conduits. 

[[eLL LC:][ 
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Figure 1.1. Cold-formed sections used in 

structural framing. [1] 

In cold-formed steel design, individual elements of cold-formed structural members 

are usually thin with relatively large width-to-thickness ratios. These thin elements 

may buckle locally at a stress level lower than the yield strength when they are 

subjected to compression in flexural bending, axial compression, shear, or bearing. 

However, the members do not normally fail at the buckling stress and they are still 

able to carry loads larger than the loads at which local buckling has been initiated. 

This condition is called the post-buckling strength of the members. Since one of the 
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CHAPTER 1 : INTRODUCTION 

major design criteria on cold-formed steel sections is often based on the local 

buckling of individual elements, the design load should be so determined that 

adequate safety is provided against failure by local buckling with due consideration 

given to the post-buckling strength. 

Cold-formed steel sections such as I-sections, channels, Z-shapes, T-sections. hat 

sections and tubular members shown in Figure 1.1 can be used as beams which 

support transverse loads and/or applied moments and they are usually called cold­

formed flexural members. There are two considerations which must be taken into 

account in designing cold-formed flexural members. The first is the moment-resisting 

capacity and the sti ffness of the members. The second consideration is that the webs 

of beams must be capable of resisting shear, bending, combined bending and shear, 

and web crippling. There is also another factor, i.e. lateral-torsional instability. which 

must be taken into consideration but in this research program it is assumed that the 

members investigated are laterally stable. 

From the above various aspects of the design considerations on cold-formed flexural 

members. only the strength of the members against web crippling was investigated 

in this research program. Web crippling is a failure mode of thin-walled webs of 

structures caused by concentrated loads or at reactions. This type of failure is shown 

in Figure 1.2 and must be avoided. because it signifies the limit of the load capacity 

of a beam. The web crippling strength can be predicted by using empirical formulae 

3 



CHAPTER 1 : INTRODliCTION 

available in the present design specifications for cold-fonned steel sections. The study 

of the development of empirical formulae for predicting the web crippling strength 

has been already carried out by many researchers and these empirical formulae often 

have a limited range of applicability. It has also been reported in reference [24] that 

each empirical fonnula correlates well with the test results on which it is based, but 

the correlation is much worse for tests from other sources. On the basis of these 

reasons, it has been attempted to use another method for predicting the web crippling 

strength of cold-fonned plain channel steel section beams in this research program. 

The method was developed by using an analytical model of web crippling failure. 

I , 
I 

I , 
I 

, , 
I , , 

, , 
I , 

, 

, , 

Web crushing or web crippling 
at suppon 

Figure 1.2. Web crippling failure. [41] 
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CHAPTER 1 : lNTRODlfCTlON 

1.2. OBJECTIVE OF THE RESEARCH. 

This research program was mainly aimed at investigating the strength of cold-formed 

plain channel steel section beams subjected to web crippling. The main objective was 

approached theoretically and experimentally. In the initial theoretical investigation, 

two different design specifications for cold-formed steel sections were used to predict 

the failure load of the sections under web crippling. Besides using the available 

design specifications of cold-formed steel sections, this research program was also 

aimed at developing another method for analysing the web crippling strength of the 

sections which was based on a purely theoretical analysis. The target of developing 

this analytical method was to obtain analytical expressions for analysing the web 

crippling strength of cold-formed plain channel steel section beams. In the 

experimental investigations, many cold-formed plain channel steel section beam 

specimens of various dimensions were tested to failure and their results were used to 

assess the relative accuracy of each theoretical analysis used in this research program. 

1.3. SCOPE OF THE RESEARCH. 

Subchapter 1.1 has shown many types of cold-formed sections which can be used as 

flexural members. One of the failure modes which may occur in these members is 

web crippling. According to the information given in numerous publications 

corresponding to the study of web crippling, the strength of cold-formed steel 

5 



CH.4PTER 1 : INTRODlICTION 

sections under web crippling is affected by various parameters such as the bearing 

length ratio (nit), the inside bend radius ratio (r/t), the web slenderness ratio (hw/t), 

the web inclination (9), the material yield strength etc. From these parameters, only 

three of them were considered in this research program, i.e. : 

- The bearing length ratio (nit) 

- The web slenderness ratio (hw/t) 

- The inside bend radius ratio (r/t) 

where: 

n Length of the load bearing plate or bearing length. 

hw Height of the web or height of the section. 

t Web thickness 

r inside bend radius. 

In order to study the influence of the above three parameters on the web crippling 

behaviour, experimental investigations were performed on many specimens with 

various web heights (hw) and inside bend radii (r). Test loads were applied on the 

specimens through the loading blocks of various widths (n). The specimens used in 

this research program were in the form of cold-formed plain channel steel section 

beams. According to the American Design Specification for cold-formed steel 

sections (AISI 1986), the loading conditions which can result in the web crippling 

failure are categorized as follows : 

- End one-flange loading (EOF). 

6 



CHAPTER 1 : INTRODUCTION 

- Interior one-flange loading CIOF). 

- End two-flange loading (ETF). 

- Interior two-flange loading (ITF). 

Illustrations of these above loading conditions can be seen in Figure 1.3. In 

investigating the strength of the specimens under web crippling, experiments were 

carried out using the above four loading conditions. In the case of IOF loading 

condition, the specimens would be subjected to combined actions of web crippling 

and bending while the EOF, ETF and ITF loading conditions would cause the 

specimens to be subjected mainly to web crippling only. 

The theoretical investigations were carried out in two phases, in which the first phase 

was to analyse the specimens empirically using two different design specifications, 

i.e. BS 5950 Part 5 1987 and The European Recommendations for the Design of light 

Gauge Steel members 1987. These analyses were also intended to assess the relative 

accuracy of these design specifications in estimating the web crippling strength of the 

specimens. The relative accuracy was shown in the form of diagrams of experimental 

and theoretical load ratios with respect to the three parameters studied. The second 

phase was to analyse the specimens by using an analytical theory which is termed " 

Plastic mechanism analysis". 

In the plastic mechanism analysis, the mode of web crippling failure was simulated 

7 



CHAPTER 1 : INTRODUCTION 

by a plastic mechanism model which was composed of some yield lines or plastic 

hinges. The analysis of the model was based on the application of a rigid plastic 

theory. This research program was concentrated on the developme!1t of the plastic 

mechanism analysis for the specimens which failed under the IOF loading condition. 

The accuracy of the application of the analytical expressions obtained from the plastic 

mechanism analysis was also assessed by comparing their results with experimental 

ones. 

e ~ 1.5 h 
r1.5h ITF ITF 

r---~--------~~~~--------------~~~~---+~ 

Z<I~ 

, 

EOF 

, 
, ... , , 

, 
'-, 

I 
\ , I 

IOF 

e ~ 1.5h 

e ~ 1.5h 

, ... 

IOF 

, , 

e ~ 1.5h 

'-' , , 
I , 

e < 1.5h 

, 

ETF 

... , 

, 
, , 

~< 1.5h 

Figure 1.3. Loading conditions according to AISI 1986. [28] 
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CHAPTER! : LlTERATl'RE REI7EW 

2.1. GENERAL. 

In the initial phase of this research program, numerous publications and research 

reports have been carefully studied. Some of these cover theoretical and experimental 

investigations on the behaviour of cold-formed steel beams subjected to web crippling 

and combined actions of web crippling and bending. There are also publications 

which discuss theoretical and experimental studies on the buckling and post buckling 

behaviour of plates under various conditions of loading, In addition, the available 

design criteria for preventing web crippling of cold-formed steel sections which are 

normally used in the UK, the USA and EUROPE have also been carefully studied. 

This chapter reviews the most relevant publications used in this research program. 

Some of these publications will be reviewed very briefly, whereas the others will be 

reviewed in more detail. The presentations are divided as in the following 

subchapters : 

2.1. General. 

"" W b . l' _._. e cnpp mg. 

2.3. Buckling and plastic mechanisms. 

2.4. Current design criteria: 

2.4.1. BS 5950 Part 5 1987. 

2.4.2. A.I.S.I. 

2.4.3. European Recommendations 1987. 
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CHAPTER!: LITERATURE REI7EW 

2.5. Author's conclusions. 

2.2. WEB CRIPPLING. 

The study of web crippling of cold-formed steel beams has been going on since the 

1940s. Most of the studies of this behaviour were carried out experimentally and their 

results were used to develop the design formulae. The theoretical analysis of web 

crippling is extremely complicated because it involves the following factors (1] : 

Non-uniform stress distribution under the applied load. 

Elastic and inelastic instability 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 flange 

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 

flange and web elements. 

During 1940s and 1950s, the behaviour of web crippling was experimentally 

investigated by Winter, Pian and Zetlin [2.3.4) at Cornell University. Their 

investigations were carried out in two phases,i.e. the first phase was the study of web 

crippling of I-beams which provide a high degree of restraint against rotation. The 

I-beams were tested under various loading conditions and the test results indicated 

10 



CHAPTER = : LlTERATlIRE REVIEW 

that the ultimate web crippling loads of I-beams depend primarily on the actual 

bearing length ratio (nIt) and the yield strength of material (Oy)' The second phase 

was the study of web crippling of cold-formed steel beams having single unreinforced 

webs such as hat sections, channels, Z-sections and rectangular tubes. It was found 

from this second study that the web crippling behaviour for these types of section 

was mainly affected by the following parameters : 

- The actual bearing length ratio (nIt). 

- The inside bend radius ratio (r/t). 

- The web depth ratio (hIt). 

- The yield strength of material (Oy)' 

On the basis of the research findings of Cornell University, empirical expressions for 

predicting the ultimate web crippling load were derived and proposed for design 

criteria in early editions of the American Iron and Steel Institute (AISI 1968).[5] The 

specifications contain the empirical expressions for each type of sections as 

mentioned above. The web crippling behaviour of channel sections was also studied 

by George D. Ratliff [6] in 1975. This research was to investigate the interaction of 

crippling and bending for C-shaped joists cold-formed from steel sheets. The results 

of Ratliffs investigation were proposed as interaction formulae of crippling and 

bending for C-shaped beams with web stiffener or without web stiffener. 

Three years later,i.e. In 1978, similarly experimental investigations were also 

11 



CHAPTER::: UTERATlIRE REVIEW 

performed by Hetrakul and Yu [7,8] at University of Missouri-Rolla. In their research, 

Hetrakul and Yu investigated the structural strength of cold-formed steel I-beams 

sUbjected to combined crippling and bending. A number of I-beam specimens were 

tested and the results were used to develop the interaction formulae for the bending 

and crippling of I-beams having a high degree of restraint against the rotation of 

webs. The test specimens were fabricated from channel sections connected back to 

back with self-tapping screws (# 12x14x3/4 Tek screws) which were placed at a 

distance of 12.7 mm from top and bottom flanges. The specimens used in the 

research of University of Missouri-Rolla (UMR) are shown in Figure 2.1. 

Each of the specimen in this research was also tested as a simply supported beam 

where the test load was applied at the mid-span of the specimen through a bearing 

plate and supporting plates with rollers were placed at both ends. The test load was 

applied in increments of 10% of the predicted ultimate load throughout the test. 

Lateral displacements of the web were measured at the initial load, then at 

approximately one-half of the predicted ultimate load, and finally at the failure load. 

The values of ultimate loads obtained from the experiment (Pt) were used to calculate 

actual bending moments (Mt). Ultimate web crippling loads in the absence of bending 

(P u')c were calculated by using the following equation : 

(P~)c = t 2 Oy [1.49 - 0.53(Oy/33)] [0.88 + 0.12(t/0.075)] 

x [15 + 3.23/NTEl .....•......•.. (2.2.1) 

12 



CIIAPTER Z : UTERATVRE REVIEW 

Where: 

t : Thickness of the individual web element in inches. 

CJy : Yield point of steel in kips per square inch. 

N : Length of the bearing plate in inches. 

The computed ultimate moments (Mu)c were determined according to the strength 

of flanges and the bending strength of webs. The smallest values obtained from these 

methods were used for (Mu)c in the analysis. 

Two interaction formulae for combined crippling and bending moments were resulted 

from this research. The first one is applicable only for I-beams having (hit) ~ 

4001..J(CJy) and (W It) ~ (W/t)lim while the second one is applicable for I-beams having 

other combinations of the hit and WIt. 

The first formula : 

The second formula: 

Where: 

Pe O.61-~ 
(P~) c 

= 1.38 ........ (2.2.2) 

+ = 1.18 .............. (2.2.3) 

hit : The depth to thickness ratio of the web element. 

Wit : The flat width ratio of the compression element. 

(W/t)lim : The limiting flat-width ratio according to the load determination 

13 



CHAPTER:: LITERATURE REVIEW 

specified by AISI 1968. 

Figure 2.1. Specimens of UMR. 

During 1982-1986, B.A. Wing and R.M. Schuster[9,lO] investigated web crippling 

expressions for multi-web deck sections subjected to interior one-flange loading 

(10F), interior two-flange loading (ITF) and exterior two-flange loading (ETF) 

experimentally. The objective of their investigations was mainly aimed at determining 

the load resistance of multi-web deck sections under IOF (Figure 2.2.) and under ITF 

as well as ETF (Figure 2.3.). 

This type of section is extensively used in building construction. In the case of 

interior one-flange loadings, failure of the deck section can occur by combined 

crippling and bending, but when the ratio of bending moment to the ultimate bending 

moment < 0.3, the primary mode of failure can be considered by web crippling only. 

In two-flange loading. the deck section fails by web crippling and ultimate load 

carrying capacities of the above three loading conditions are functions of a number 

14 



CHAPTER: : UTERATliRE REVIEW 

of parameters, namely, the web slenderness ratio, the inside bend radius ratio, the 

bearing length ratio, the angle of web inclination and the yield strength of the steel. 

In their research program, only three of these above parameters were studied and they 

were as follows : 

- inside bend radius to web thickness ratio (r/t). 

- bearing length to web thickness ratio (nit). 

- angle of inclination (8). 

Experimental ultimate loads obtained from the tests of IOF, ITF and ETF were 

compared with ultimate loads computed using the AISI-1980. The new expressions 

for estimating the test loads have also been developed and formulated as follows : 

Interior one flange loading (IOF) [10) : 

PW2 = 16.6 t 2 Oy (sine 6) (1 - 0.000985H) (1 + 0.00526N) 

x (1 - 0.074 0y'R) (1 - 0.2 21k) •..••.. (2.2.4) 

Interior two flange loading (ITF) [9) 

PW4 = 18.0 t 2 Oy (sine 6) (1 - o. OD139H) (1 + o. 00948N) 

x (1 - O.0306y'R) (1 - O.221k) •••••• (2.2.5) 

Exterior two flange loading (ETF) [9] : 

P W6 = 10.9 t 2 
0 , (sine 6) (1 - 0.OO206H) (1 + 0.OO887N) 

x (1 - O.I11JR) (1 - 0.0777k) ......... (2.2.6) 

Where 
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t : Web thickness 0y : Yield strength 

e : Angle of web inclination, ~ 90° 

H : Web slenderness ratio, hit 

N : Bearing length to web thickness ratio, nit 

R : Inside bend radius to web thickness ratio, rlt 

k : 0y (ksi)l33 or 0y (N/mm2)/228 

Results of using the new expressions to predict ultimate web crippling loads were 

presented in the form of diagrams of load ratios vs. v'R or N. Some of the presented 

diagrams for each loading condition can be seen in Figures 2.5 - 2.7. 

p 

L 

Test Setup 

pn, pn, 

I n 

pn, t 
L 

Equivalent Loading 

Bending Moment Diagram 

I 
f pn, 

P (Lon) 
M=-4-

1 
Figure 2.2. Interior one-flange loadings and moment diagrams.[IO] 

16 



p 

CHAPTER! : LITERATURE REHEW 

T 
h 

> 1.5 h 

i~ __ ~~~ ____ ~ 
" 

Figure 2.3. Interior and exterior two-flange loadings.[9] 
WT 

~I 

1 
TD 

~1<WB~lj 
TW 

~I 

Figure 2.4. Specimens of Wing and Schuster.[9.10] .. 
:r-----------------------------------------------------. 
o 
7 -

I!I I!I I!I 

~ I!I ~ 
~~---------~------~--.------~-------;--------

I!I e I!I I!I 

... 8 'S" I!I 00 .0 • _ e I!I I!I 

~~~----------~~~~~~~~------------~~-------------, 
~-- "II) ;! ~ "I!I I!J 

~" I!J 

o • I!I I!I • 

~ ---------~----~---~------i----~----~~I-----

o ... 
cO 

o 

I!J 

7~----+_-----+_----+_-----~-----~------~------~------~------_ <b. 00 0.50 \.00 1.50 2.00 2.50 3.00 3.50 1&.00 1&.50 

..fI 
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In 1986, C.Santaputra, M.B.Parks and W.W.YU[ll] also studied the web crippling 

behaviour of high strength steels. The purpose of their investigations was to develop 

additional design criteria that can be used for a wide range of high strength steels. 

This material is widely used in automotive structural components and it was intended 

to achieve weight reduction of the components while complying with federal safety 

standards. Because many of the existing design criteria for web crippling were only 

applicable for steels with yield strengths up to 80 ksi (552 MPa) it was therefore 

desirable to develop a comprehensive design guide which is suitable for high strength 

steels with yield strengths up to 190 ksi (1310 MPa). 

An experimental investigation was performed on cold-formed steel beams fabricated 

from high strength sheet steels commonly used in the automobile industry. Two types 

of specimens were used in the experiment,i.e. hat sections (Figure 2.8a) and I-beams 

(Figure 2.8b). The materials used for the specimens had yield strengths of 60 to 165 

ksi (414 to 1138 MPa). The experiments were carried out for the following loading 

conditions : 

- Interior one-flange loading (lOF) 

- End one-flange loading (EOF) 

- Interior two-flange loading (ITF) 

- End two-flange loading (ETF) 

In order to avoid the problem of discontinuity between the web crippling equations 

for the above basic loading conditions, additional tests were performed for the 
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transition ranges. 

Figure 2.9 shows the test arrangements in which the test loads were applied on the 

specimens through bearing plates. All specimens in one-flange loading test were 

simply supported and loaded at their mid-spans. The IOF tests were carried out by 

placing a bearing plate of 50.8 mm width under the test load whereas bearing plates 

of 101.6 mm width were used at both ends. Web crippling failure of EOF tests was 

expected to occur at the end of the specimen and this could be obtained by placing 

a bearing plate of 101.6 mm width under the test load while bearing plates of 50.8 

mm width were placed at both ends of the specimen. Tests of ITF were carried out 

by placing two bearing plates of 50.8 mm width at the middle of the specimen for 

both top and bottom flanges. The plates of the same width were still used for the 

tests of ETF and they were placed at one end of the specimens while the other end 

was elastically supported to keep the specimens in a horizontal position throughout 

the tests. 

The transition ranges which were examined in additional tests are as follows : 

Transition between Interior one-flange loading and Interior two-flange 

loading. 

Transition between Interior one-flange loading and End one-flange loading. 

Transition between End one-flange loading and End two-flange loading. 

The test setup of the first transition was the same as that of the IOF test except that 
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one end bearing plate was moved in order to vary the clear distance between the 

opposite bearing plates from O.lh to O.7Sh. The expected failure was under the 

applied concentrated load. The second transition test was carried out by moving one 

end bearing plate closer to the bearing plate under the applied concentrated load such 

as shown in Figure 2.9f and failure was expected at the reaction. The test 

arrangement of the third transition was also the same as that of the EOF test but the 

bearing plate under the applied concentrated load was moved closer to the end 

bearing plate. Failure of this test was expected at reaction closer to the applied load. 

Failure modes of the test specimens were also carefully inspected and it has been 

found that the failure modes of web crippling can be classified into two types of 

failure,i.e. over stressing (bearing) failure and buckling failure. The former occured 

just under the bearing plate with relatively small lateral displacement of the web. The 

applied load increased steadily up to the ultimate load and remained at that level for 

a long period of time while the bearing plate gradually penetrated into the web. The 

latter indicated that the applied load also increased steadily up to the ultimate load 

but after that the load suddenly dropped. The lateral displacement of the web was 

relatively large even before failure. 

In this research, new prediction equations which cover a wide range of steel strengths 

were developed and proposed as design recommendations. The recommendations can 

be used to estimate the ultimate load of a component subjected to crippling only or 
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a combination of crippling and bending moment. The application is also divided into 

two parts,namely, for beams having single webs and for I-beams with flanges 

connected to bearing plates. Full information of the design recommendations will be 

discussed in more detail in subchapter 2.4. Current design criteria. The ultimate web 

crippling loads predicted by the newly developed equations give good agreement with 

the experimental ultimate loads for all cases. The diagram in figure 2.10 is one of the 

results which indicates the accuracy of the proposed design recommendations. 

Bl Bl 
IE =-1 IE =-1 

I 1 
t 

-;. oE- Dl Dl 
R 

1 R 

j / t 

IE 
B2 J 

( a ) (b) 
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Another investigation carried out by lStudnicka[12] in 1989 was also aimed at 

predicting the web crippling resistance of multi-web deck sections subjected to end 

one-flange loading, end two-flange loading and interior one-flange loading. The 

investigation was carried out experimentally and the results were compared with the 

theoretical ones calculated using the AISI Specification. 1986. and the Canadian code 

CAN 3-S 136-M84 1984. Two types of specimen were used in the experiment and 

these are shown in Figure 2.11. The specimens were simply supported at both ends 

and test loads were applied at the centre of the specimens as shown in Figure 2.12. 

The distance m was varied to obtain the conditions of one-flange loading and two­

flange loading. Transverse tie rods were bolted to the bottom flanges of the sections 

to prevent the spread of webs during loading and the test were performed in both 

positions of Nand R (Figure 2.13). 

Some comments have been made by the investigator concerning the test results 

obtained by using Interior and End loads. The comments are as follows : 

Test loads are not substantially different for the Nand R positions ofthe web 

deck. 

Test results are almost linearly influenced by the bearing width n. 

Test loads for specimens with ties are greater than those of specimens 

without ties. 

Additional comments have also been made for the End loading tests in which the 

influence of m and k on the test loads is not too significant. 
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Results of comparing the test loads and the theoretical ones for Interior loading tests 

are presented in Figures 2.14 and 2.15. It can be seen that using the Canadian 

Standard almost all data are within the acceptable scatter limits ± 20%. In the case 

of End loading, a new, slightly modified, expression has been developed to improve 

the Canadian Standard. This new expression is 

o 
P = 10 t 1 a (sineS) (1 - 0.1--=.L) (1 - 0.1..jR) 

y 230 
H K 

oX (I - -) (I + -) (1 + O.005N) ........... (2.2.7) 
500 1.5H 

Where: 

P : Web crippling capacity for End one-flange loading or End two-flange 

loading. 

t : Web thickness. 

0y : Yield strength. 

S : Angle between plane of web and plane of bearing surface 45° ~ S ~ 90°. 

k : Distance between end of deck and end of bearing plate. 

R : rlt ; r : inside bend radius. 

H : hwlt ; hw : clear distance between the flats of flanges measured in the 

plane of webs 

K : kit 

N : nit ; n : Bearing length 

Figure 2.16 shows the comparison between the web crippling capacity calculated 

using the formula 2.2.7 and the experimental values. 
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Figure 2.16. Test load P t vs. Theoretical load Pc obtained from 

the formula 2.2.7 (End loading). 

The previous research reviews always deal with the web crippling strength of cold-

formed steel sections without web perforations. According to the research findings 

ofK.S. Sivakumaran and K.M. Zielonka[13] in 1989 the existence of web opening has 

a significant effect on the web crippling strength of the cold-formed steel sections. 

The influence of the web opening was studied by K.S. Sivakumaran and K.M. 

Zielonka through experimental research. Parameters considered in their investigation 

covered web depth to thickness ratio, opening height to web depth ratio and opening 

width to bearing length ratio. 

The main objective of their research was to generate an empirical formula for the 

ultimate load on a thin-walled cold-formed steel section by taking into account the 
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size of its web opening. Specimens used in their experiments were C-shaped lipped 

channel sections such as shown in Figure 2.17 and they were made of galvanized 

steels with different yield strengths. Rectangular holes were chosen for the web 

opening and they were located at the mid-span of the specimens. The height of the 

holes varied from 3 mm to 75% of the web depth and their widths varied from 3 mm 

to 152 mm. 

Test loads were applied on the specimen through two loading blocks of 51 mm width 

and the specimen was supported at its mid-span by a reaction bearing block of 51 

mm width. The complete arrangement of the test can be seen in Figure 2.18. The 

tests were first carried out for specimens without web perforations and the subsequent 

tests were for specimens with perforations. The loading arrangement such as shown 

in Figure 2.18 satisfies the conditions of interior one-flange loading. A hydraulic jack 

which could produce an axial force of about 250 N was used to maintain the 

specimen always in a horizontal position during the test. Vertical deflection of the top 

flange and horizontal or lateral deflection of the web were also measured by using 

displacement transducers (L VDT). As the test load reached its maximum value the 

test was then stopped. 

Modes of failure observed from the test results indicate that in the specimen without 

a perforated web, the failure occurs by formation of a local yield zone under the 

bearing block. In the case of specimens with perforated webs, the yield zones also 
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occur under the bearing block and around the corners of the web opening. On the 

basis of lateral deflection of the web obtained from the tests, the types of failure can 

be characterized as web crippling (bearing) and web crippling (buckling) failures. The 

first type of failure occurs right under the bearing plate with relatively small lateral 

deflection of the web while the second one exhibits large lateral deflection of the web 

prior to reaching the ultimate loads. The diagram in Figure 2.19 is an example of a 

load-deflection diagram resulted from the experiment. 

The types of failure are generally influenced by the web slenderness ratio and the size 

of web opening. The specimens with high slenderness ratios and small web openings 

tend to fail by web crippling (buckling). The web crippling (bearing) failure occurs 

in the perforated or unperforated-web specimens with low slenderness ratios or in the 

specimens with high slenderness ratios and large web openings. The test results also 

indicate that the existance of the web opening tend to reduce the ultimate web 

crippling load. The authors also proposed a reduction factor (R) for the web crippling 

strength of the section with a web opening as stated in the following formula. 

The reduction factor R = P (with opening) .......... (2.2.8) 
P (without opening) 

R = [1 - 0.197 (a)2] [l - 0.127 (..£.)2] ......... (2.2.9) 
h n1 

Where: 

P : Ultimate failure load a : Opening height 
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h : Web depth b : Opening width 

n 1 : n + k(h - a) k : 1 for the load dispersion angle of 45° 

The results of using the above formula are presented in Figure 2.20. 
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Figure 2.17. The cross section of the specimen and the web opening. 
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2.3. BUCKLING AND PLASTIC MECHANISMS. 

As discussed in the previous subchapter. all experimental studies on web crippling 

behaviour dealt with sections subjected to locally applied loads. Although webs and 

flanges of the sections are interactive. it is also useful to study the behaviour of 

idealized separate rectangular flat plates loaded by localized in-plane edge forces . 

. 
There are many investigators who have studied this behaviour since the 1950s and 

their studies generally relate to the analysis of critical elastic buckling loads of the 

plates under this type of loading. 

For example,in 1955. Zetlin[3] studied the behaviour of the rectangular plate which 

was simply supported along its four edges. The load was applied on one edge of the 

plate and symmetrically distributed about the centre of the longitudinal edges of the 

plate (Figure 2.21). The energy method was used to analyse the plate and the 

buckling load was found to have the same form as that of simply supported 

rectangular plates uniformly compressed in one direction[14]. Zetlin formulated the 

buckling load as follows: 

1t
2D Pcr = K - ............... (2.3.1) 

L'l 

Where: 

Per : Critical buckling load. 

D : Flexural rigidity. 
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K : Constant depending on the ratios of hIL and 2B/L. 
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Figure 2.21. Loading arrangement in Zedin's research. 

In 1972, M.Z. Khan And A.C. Walker[15,16] also investigated the similar problem of 

plate buckling as studied by Zetlin. They approximated the deflected shapes of the 

plate by using finite element solution and used them to solve the potential energy of 

the plate. The buckling load given by Khan and Walker was in the form: 

'Jt2D 
P cr = K - ........... ••• (2.3.2) 

2B 

Where: 

Per : Critical elastic buckling load. 

K : Buckling coefficient depending on the ratios of VB and CIB. 

B : Half depth of the plate. 

C : Half width of loading. 
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Relations between K and LIB or elB can be seen In Figure 2.22. The plates 

supported by shear forces in the figure are identical with the plates supported by end 

reactions as shown in Figure 2.23. Experimental investigations were also perfonned 

to obtain the maximum loads at which the plates collapse. Figure 2.24 shows the 

comparison between the experimental ultimate loads and the critical elastic buckling 

loads and it can be seen that the collapse loads are larger than the elastic buckling 

loads. Thus it can be concluded that the plates often have reserves of strength beyond 

the critical buckling loads. 
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Figure 2.22. Variations of buckling coefficient (K). 
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Figure 2.23. Loading geometries. 
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A similar study was also carried out by Kenneth, EI-gaaly and Bagchi [17] in 1972, but 

this study also considered the effect of shear stresses (t) and in-plane bending 

moments (M) upon the edge loads necessary to cause buckling. According to their 

results the shear stresses or the in-plane bending moments will reduce the applied 

edge loads which can cause buckling. The effects of shear stresses and in-plane 

bending moments upon the buckling loads can be seen in Figure 2.25. 
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Figure 2.25. Effects of 1: and M upon the applied edge loads. 

The behaviour of plates under compression loads was also studied by R.M. Korol and 

A.N. Sherbourne[lS.l9]using a plastic mechanism approach. The plates were subjected 

to uniaxially compressed loads which were uniformly distributed along the edges of 
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the plates. According to their studies, the collapse loads of the plates can be obtained 

from the intersection of postbuckling loading paths and rigid-plastic unloading lines. 

The elastic postbuckling loading path can be obtained by using an energy method 

while the rigid-plastic unloading or plastic mechanism line can be obtained by 

considering the change in the plastic collapse load with geometry changes in the bent 

plate. In this study, Korol and Sherbourne introduced a model of plastic mechanism 

called" A pitch roof type of mechanism" to analyse the behaviour of plates after 

collapse. The model of plastic mechanism can be seen in Figure 2.26. 
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Figure 2.26. Pitch roof type of mechanism. 
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In 1973, N.W. Murray(20) investigated buckling mechanisms of stiffened panels under 

the combination of axial compression loads and pure bending moments. There are 

two types of buckling mechanism that can occur in the stiffened plate under the 

combined bending and compression, namely, Mode I and Mode II mechanisms. In 

the case of mode I. a buckling mechanism occurs in the plate and the stiffener is in 

tension and remains straight (Figure 2.27) while in mode II, a buckling mechanism 

takes place in the stiffener and the plate is partially or entirely in tension (Figure 

2.28). 

(a) Mode I mechanism: 

Figure 2.29 shows the mode I mechanism and its equilibrium conditions can be 

expressed by considering cross section Xl-Xl and cross section x2-x2 of the 

mechanisms. From Figure 2.31, the axial equilibrium will be : 

P = FpL + F &c - F., ............. (2.3.3) 

(2A)2 + 1 - 2A 1 ...... (2.3.4) 
tl tl 

F &c = 0y t2 (h2 - c) .......... (2.3.5) 

F., = 0y t2 c ............... (2.3.6) 

In these above formulae : 

cry : Yield strength. tl : Plate thickness. 

~ : Stiffener thickness. h2 : S ti ffener depth. 
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c : Depth of tension yield zone in the stiffener. 

a : Dimension of mode I plastic mechanism. 

s : Spacing of stiffeners. 

Rotational equilibrium about 0 : 

Fsc (h2 - c) Fst c 
p (~ + h2 - e - c) + M = FpL (tl + h2 - c) + + --

2 2 
.............................................................. (2.3.7) 

Where: 

t (·~·i 
1 t 

~ = __ ---=1__ .................... (2.3.8) 

(b) Mode II mechanism: 

In the mode II, failure mechanisms take place on the stiffener. This type of failure 

can occur when one of the stiffener has buckled and Figure 2.32 illustrates a part of 

the stiffened panel at which failure has taken place. Deflection and forces acting on 

the stiffened panel after buckling can be seen from a half portion of the stiffened 

panel as shown in Figure 2.33. The axial force of the stiffener is 

....................................... (2.3.9) 

Where : K = 1 + sec2 ~ 
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The moment on the stiffener is as follows: 

1 ( 2A 3 - -) ] ....... (2.3.10) 
K t2 

The axial force on the plate is 

FPL = 0, S (tl - 2dl) •••••.••• (2.3.11) 

and the moment carried by it is 

d1 : Depth of tension yield zone of the plate 

The applied load P for a given moment M is obtained from the following formulae. 

p = & + ~ - AD - B - y(tJ + e - AD - B)2 - 4 A 2 C (CB 2 + DB + F') 

2 A2 C 

Where: 

....................................... (2.3.13) 

~2 
& = ----

2 ~ tanp 

tl 
B = - + 

2 
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If the load P is given. then the moment M can be explicitly expressed as follows : 

STlFFE!'o"ER 

M '" C d~ + D d~ + F" ................ (2.3.14) 

Where: 

P-F , 
2 0, S 

2 
0, tl S 

F" = M. - P (a + e) - 2 

Figure 2.27. Buckling mechanism of mode I. 
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YIELD LINES 

COMPRESSIVE 
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Figure 2.28. Buckling mechanism of mode II. 
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Figure 2.29. Mode I mechanism of with ~ = 450 and Bl = a. 
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M M 

COMPRESSION YIELD 
21 ZONE 

Figure 2.30. Cross section xI-xI of the above mechanism. 
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Figure 2.31. Cross section x2-x2 of the above mechanism. 
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Figure 2.32. Failure of the stiffened panel in mode II mechanism. 
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I.-.--,~-:;;:::?'YIELD LINES 

Figure 2.33. Deflection and forces on the postbuckled panel. 

In 1975, A.C. Walker and N.W. Murray [2 1] studied the collapse behaviour of 

rectangular plates subjected to uniform compression along two opposite edges. A 

pitch roof type of mechanism which was similar to that shown in Figure 2.26, but 

with the aspect ratio Vb = 0.5 was used by Walker and Murray to predict the 

behaviour of the plate at collapse. It can be seen in the Figure that the mechanism 

consists of two typical regions. The first region contains strips BB and it is composed 

of three yield lines which are perpendicular to the direction of loading. The second 

one contains strips AA and it is composed of four yield lines where two of them are 

perpendicular to the load directions and the other ones incline at an angle of ~. 

Analyses of the mechanisms were carried out on the basis of equilibrium equations 

at strips AA and BB. The equilibrium equations were then solved for the whole 

portion ofthe plate. From this solution, the average stress a for the whole plate width 
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can be expressed as follows: 

CJ = 4
1 

[cotp ( 
CJy 

2424 F4 (_)2 + 1 - - ) - 2 cotp ( (_)2 + 1 - _ ) 
Kt Kt t t 

+ K t cot~ In( 
24 

( 24 2 24 F2 4 -) + 1 + - ) ] + (-) + 1 - -
Kt Kt t t 

............................................... (2.3.15) 

Where K = 1 + sec2~ and cry : Yield strength. 

The pitch-roof type of mechanism as shown in Figure 2.26 was also used by P. 

Davies, K.O. Kemp and A.C. Walker[22] to study the failure mechanism of a plate 

under the similar loads. They assumed that plastic hinges or yield lines are fanned 

under the influence of a bending moment M, a compressive axial (membrane) force 

N acting at the mid-plane of the plate and a shearing force S acting uniformly over 

the thickness of the plate t (Figure 2.34). The behaviour of the mechanisms was 

analysed by considering that the plate can be divided into a number of strips which 

are free to slide in relation to each other. The analysis of the mechanism was also 

performed using an equilibrium approach and the total force P acting on the plate is 

p = CJy t ( Nl + 2 N2 ) .•.....•...• (2.3.16) 

Where : cry : Yield strength. 
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~ ~ 
Nt "" ( b - L tan P ) ( ( _)2 + 1 - - ) ....................... (2.3.17) 

t t 

1 
N. "" - tanp [ 

2 2 
1 + cosec2p ] [ 
2 + 3 cos2p 

4 (~)2 
t 

1 + ----------- ] 
( 2 + 3 cos2 P ) ( 1 + cosec2 P ) 

2 (~) 
+ L tanp ( 1 + cosec2p ) In[ t 

4 (~) {( 2 + 3 cos2p ) ( 1 + cosec2p ) 

+ 

, 

t 

4 (~)2 
1 + ______ t _____ ] _ __ L_~_tan__'p __ 

( 2 + 3 cos2 P ) ( 1 + cosec2 p ) t ( 2 + 3 cos2 P ) 

, , , , , 

, , , 

........................................... (2.3.18) 

d : depth of neutral axis below 
mid-plane 

Figure 2.34. Cross section of plastic hinge 
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In 1981, N.W. Murray and P.S. Khoo[23] studied the post-collapse behaviour of thin-

walled structures and postulated that behaviour can be approximated using a rigid 

plastic theory. When the rigid plastic theory is plotted together with an elastic theory, 

the failure load of the structure can be roughly evaluated. Figure 2.35 shows such a 

combination of curves for a simple pin-ended column and a simply supported plate. 

It can be seen from the curves that PF or of is the load or stress corresponding to the 

failure of the strut or the plate. According to their investigations, the failure modes 

of thin-walled structures are by means of spatial plastic mechanisms. It has been 

found that these mechanisms actually consist of an assembly of basic mechanisms 

which are compatible to each other. 

There are eight basic mechanisms and their characteristic equations have been 

developed and presented in table 2.1. The equations can be used to analyse the 

mechanisms of collapse of structural members as shown in Figure 2.36. The analysis 

of plastic mechanism can be carried out using the following formulae. The fully 

plastic moment (Mp) for a rectangular plate of width b and thickness t is 

Mp = 
a b t 2 

Y .............. (2.3.19) 
4 

0y : Yield strength 

When the plate carries an axial compression load P, its moment capacity will be 

reduced and formulated as in equation (2.3.20). In this equation, P y represents the 

squash load and it is equal to 0y multiplied by the cross section area. 
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(J b t 2 P 
, [ 1 - ( )2 ] ........ (2.3.20) 

4 (J, b t 

In these above two cases, the direction of plastic hinge is at right angles to the long 

direction of the plate or the direction of axial load P. If the direction of the plastic 

hinge inclines at an angle ~ to the direction of axial load p. the moment capacity of 

the plastic hinge becomes 

Mil = M' secl n = p p ... 

a btl p 
y [ 1 - ( )2 ] secl p ........ (2.3.21) 

4 a, b t 

There are two main categories of plastic mechanisms, namely. true mechanisms and 

quasi-mechanisms. The former can be developed from flat sheets which form the 

cross section of the strut or beam while the latter can not be developed simply by 

bending along the hinge lines. The difference of these two mechanisms can be 

explained using mechanisms in Figure 2.37. The mechanism shown in Figure 2.37(a) 

is a true mechanism because it can be made by simply folding along the hinge lines. 

Figure 2.37(b) is an example of a quasi mechanism because it can not be achieved 

without membrane deformation within parts of the cross section. 

An example of using these above basic mechanisms is the analysis of plastic 

mechanisms of the collapsed structure CW 1 in Figure 2.36(a). The mechanism is in 
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the form of a type 8 basic mechanism (flip-disc) and each flange is divided into a 

compression yield zone and a tension yield zone (Figure 2.38). The depth of the 

tension yield zone (d l ) varies during the collapse process. The fibres at point 0 do 

not change length so that the point 0 can be taken as a pivot point. From the 

geometry of the mechanism in its deformed position. the values of nand {) can be 

written as follows : 

~2 L 
& = ---- ........... (2.3.22) 

2 a (b2 - d1) 

For equilibrium conditions only a half portion of the channel is considered. 

Axial equilibrium : 

P = PI + P2 - P3 ••••••••••••••• (2.3.23) 

Rotational equilibrium about the point 0 : 

P3 = 2 Gy d l t ........ (2.3.25) 

PI is obtained from equation 8 of table 1. 

Subtituting equations (2.3.22) and (2.3.25) into equation (2.3.24) the following non-

dimensional equation is obtained. 
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[ 
PI 

- 1 + 
2 d1 ~L dl e -][ + 1 - - + -] 

0y b2 t b d l b2 b2 2 2ab;(l- -) 
b2 

P l d l - 1 
d1 (1 - -) + 2 - = 0 ..... (2.3.26) 

0, b2 t b2 b2 

A comparison between the foregoing analysis and experimental results is shown in 

Figure 2.39. The simple plastic hinge line as seen in the figure is based on the 

assumption that the cross section does not deform during collapse. Its application has 

extremely overestimated the experimental load carrying capacity of thin-walled 

structures. 

'" '" ... 

a, 

~ OJ 
11\ 08a, 

oJ rfer 
! 
w 
c ~ 

... rf ....... 
"" ... ....... " ..o-

f! .... 

101 CENTRAL DEFLECTION 6 10) CENTRAL DEF"LECTION 6 

Figure 2.35. The behaviour of an imperfect strut (a) and 

an imperfect plate (b). 
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(a) CWI (b) CW2 

(c) CFt (d) CF2 
(e) CF3 

Figure 2.36. Plastic mechanisms of channel column obtained from tests. 

TOP VIEW 

BorroM VIEW 

(0) (b) 

Figure 2.37. (a) true mechanism and (b) quasi-mechanism. 
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Figure 2.38. Analysis of a plate mechanism of CWI with the web in 

compression. 
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Figure 2.39. Comparison of rigid-plastic curves based on simple and local 

mechanisms and experimental results. 
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Table 2.1. True basic mechanisms PO] 
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M.C.M. Bakker(24) studied failure mechanisms of web crippling in 1992 and the 

mechanisms can be determined according to the mode of web deformation. One of 

the important parameters which describes the web deformation is the web crippling 

deformation ~hw' that is, the decrease of the web height (Figure 2.40). By examining 

the mode of web deformation, the mechanisms can be distinguished into rolling 

mechanisms and yield arc mechanisms. In the experiments, these two types of 

mechanism can be recognized from their web deformation modes as well as from 

their typical load-deformation diagrams. 

The rolling mechanism occurs in members with a large corner radius in which the 

web crippling deformation is caused by a rolling process of the corner radius through 

the web. Figure 2.41 shows a model of rolling mechanism and it can be seen that the 

yield line 1 tends to bend the web while the yield line 2 tends to straighten the 

flange. An example of the load-deformation diagram corresponding to the rolling 

mechanism is shown in Figure 2.42. The diagram also shows that after an initial 

bend, the load steadily increases up to the ultimate load and then the load gradually 

decreases. 

In the case of the yield arc mechanism, a yield curve is formed in the web 

underneath the load bearing plate (Figure 2.43) and this type of mechanism occurs 

in members with a small corner radius. An example of the load-deformation diagram 

can be seen in Figure 2.44 and this indicates that the load steadily increases up to the 
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ultimate load and afterwards the load suddenly drops. This failure mechanism also 

exhibits relatively large lateral deformations of the web and small web crippling 

deformations. 

The both mechanisms of web crippling can result in the formation of a local plastic 

hinge mechanism. As the local plastic hinge mechanism has started to develop, the 

rotation will take place in this hinge. The rotation caused by the plastic hinge 

mechanism in this study is termed as mechanism rotation and denoted by tPmec. It has 

also been found from experiments that the hinge mechanism is initiated only after 

some elastic web crippling deformations and this is shown in Figure 2.45 . .6hw;imec 

is the web crippling deformation at which the plastic mechanism starts to develop. 

The figure also indicates that the mechanism rotation does not happen (tPmec = 0) for 

In the above figure, the distance between the yield lines 8 and 10 (Lyt)' the distance 

between the yield lines 9 (Lyb) and the web crippling deformation .6hw;imec indicate 

the character of the plastic hinge mechanism. A useful idealization which can be used 

to analyse the web crippling behaviour is a mechanism initiation load, i.e. the load 

at which the plastic mechanism is initially formed. In a load-deformation diagram, 

the mechanism initiation load can be determined as the point of intersection between 

elastic and rigid plastic curves. There are two different types of load-deformation 

curves as shown in Figure 2.46. The first curve (Figure 2.46A) shows the case when 
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the mechanism initiation load is equal to the ultimate load and at the first yield the 

actual curve (indicated by the dotted curve) starts to deviate from the elastic curve 

and coincide with the rigid plastic curve only after the formation of the plastic hinge 

mechanism. This type of load-deformation curve occurs in members failing by yield 

arc mechanisms. The second curve (Figure 2.46B) is the load-deformation curve for 

members failing by rolling mechanisms in which the mechanism initiation load is 

lower than the ultimate load and the rigid-plastic curve is not an unloading curve. 

2--
1 

-

Figure 2.40. Web crippling deformation. 

f"2 

~ ~ r---:::----'----:::--1 

r - -
o : MOVING YIELD LINE • : STATIONARY YIELD LINE 

Figure 2.41. Web deformations of rolling mechanism. 
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Figure 2.42. Load-defonnation behaviour of rolling mechanism. 
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Figure 2.43. Web defonnations of yield arc mechanism. 
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Figure 2.44. Load-defonnation behaviour of yield arc mechanism. 
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Figure 2.45. Plastic hinge mechanism. 
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Figure 2.46. Load-defonnation behaviour of rolling and yield arc mechanisms. 

2.4. CURRENT DESIGN CRITERIA. 

Design specifications for predicting web crippling loads of cold-fonned steel beams 

discussed here are based on the empirical formulations. The specifications reviewed 

in this subchapter are as follows: 

1. BS 5950 Part 5 1987. 

2. AISI specification for the design of cold-formed steel structural members. 

3. European recommendations for the design of light gauge steel members 1987. 

2.4.1. BS 5950 Part 5 1987. 1251 

The above British Standard contains the design specifications for Structural Steelwork 
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in building. The specifications for web crippling of cold-fonned steel sections are 

discussed in section five of this standard in which the web crippling is termed as web 

crushing. The Standard categorizes the specifications of web crushing according to 

the types of beam and loading position. The categories are : 

a. Types of beam : 

- Beams or shapes having single thickness webs. 

- I-beams and beams with restraint against web rotation. 

b. Types and position of loadings : 

- Single load or reaction near or at free end 

- Single load or reaction far from free end 

- Two opposite loads or reactions near or at free end 

- Two opposite loads or reactions far from free end 

The loads to cause local crushing of the beam webs at support points or points of 

concentrated load should be evaluated using the equations given in table 2.2 and 2.3. 

The equations in the tables are applicable for the following conditions,i.e. Beams with 

: Dlt ~ 200 ; rlt ~ 6 and Decking with: rlt ~ 7 ; Nit ~ 210 ; NID ~ 3.5. 

Where: 

D : The overall web depth (in mm). 

t : The web thickness (in mm). 

r : The inside bend radius (in mm). 

N : The actual length of bearing (in mm); in the case of two equal and opposite 

concentrated loads distributed over unequal bearing lengths, the smaller 
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value of N should be taken. 

P w : The concentrated load resistance of a single web (in N). 

c : The distance from the end of the beam to the load or the reaction 

(in mm). 

The constants C of the equations in table 2 and 3 represent the following values. 

C 1 : 1.22 - 0.22 k C2 : 1.06 - 0.06 (r/t) s 1.0 

C3 :1.33-0.33k C4 : 1.15-0.15 (r/t)s 1.0 

but not less than 0.50 

Cs : 1.49 - 0.53 k ~ 0.6; C6 : 0.88 - 0.12 m 

C, : 1 + 0/t/750 when O/t < 150 and C, : 1.20 when O/t > 150 

Cs : 11k when O/t < 66.5 and Cs : (1.10 - 0/t/665)1k when O/t > 66.5 

C9 : 0.82 + 0.15 m C IO : (0.98 - D/t/865)1k 

Cll : 0.64 + 0.31 m C12 : 0.7 + 0.3 (8/90)2 

Where: 

k : p/228 and Py is the design strength (in N/mm2). 

m : t/1.9 

8 : The angle (in degrees) between plane of web and plane of bearing surface 

( 45° s 8 s 90° ). 

The concentrated loads (p w) calculated from the equations in tables 2.2 and 2.3 are 

for beams under web crushing only. but if the beams are subjected to combined 
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actions of bending and web crushing, the effect of bending moment should be taken 

into account. In order to consider the bending effect, the following relationships 

should be used in designing the beams under combined bending and web crushing. 

a. Sections having single-thickness webs: 

M 
- ~ 1 ............ (2.4.1) 
Me 

b. I-beams made from two channels connected back-to-back or similar sections which 

provide a high degree of restraint against rotation of the web: 

M 
- ~ 1 ........• (2.4.2) 
Me 

Where: 

F w : The concentrated web load or reaction. 

P w : The concentrated load resistance detennined from tables 2.2 and 2.3. 

M : The applied bending moment at the point of application of F W' 

Me : Moment capacity determined on the basis of a limiting compressive 

stress in the webs and effective widths of compression elements. 
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Table 2.2. Shape having single thickness webs 

TYPI Ind polition of 10ldings Toul web ,..illinee. p .. 

Single load or reaction StiHened flanges 

r: Pw • t 2 k Cl C. CI2 (2960 - 3.8 (O/t)) x 

AIIII 
X {1 + 0.01 (N/t)} 

10 I Unstiffened flanges 

p .. • t 2k C, C. C I2 (1350 - 1.73 (Dlt)) X III 

--lNL- x (I + O.Ol/IN/r)}· 

c < 1.50 Load or reaction near or at free end 

Single load or reaction StiHened and unniffened flanges 

r" 
r: "INt- Pw • t'k C. C, Cu (3350·4.6101,))( 

HHt x(l +0.007 (N/,)lt 

I 10 I 
c> 1.50 Load cr ruction far from fr .. fnd 

Two opposite 10lds or Stlffoned and unstiffoned lIan9" 
reactions, < 1.50 

rlNr Pw • r'k C. C. CII (1520·3.57 (Olt)) X 

!illl 1 x (1 + 0.01 (NIt)) 

1 10 I i 
M!H 

-'NL 
c <: 1.5 0 Loads or reactions nelr or at fr .. end 

Two opposite foads or Stiffened and unniffentd flanges 
ructions, < 1.5 0 

r -INri 
Pw • t 2 k C, C, CII (4800 - 14 (01,)) x 

I- X (I + 0.0013 (Nit)) 

H" , 

I 
!!! 

i 
I 10 I 
tim -lNL 

c> I.SD Loads or ructions fir from free end 

·Whln Nlr > 60. Ihl IIC'IOf h. o.c, (Nlrl}may be inaellNd 10 {C.7' + O.CI5INlrll 

TWhln NIt> 60. 1"" '"cto, {I • 0.007 INltl) ma" bllne'H,ed 10 {0.7S • 0.01' INltll 

NOTE. In 'h'llIbll " .. 'eo,",n" 1"" 10111 load 01 .. lIClion '0' onllolid _ eonnlC'lin, 10D Ind bonom lllnon. For buml.o'I" 
rNO or mOrt luen ICIII~nl .0101 " .. ~Ould bl Ollerm,n"" 10' IIIC" Indl"idual web Ind 1"" '"u'" ""0"" 10 0011'1'1 1"" ',0'11 eN,n,,,,, 

I 10010. 

~---------------------------------------------------------------------------~ 
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Table 2.3. I-beams and beams with restraint against web rotation 

. 
Type .nd POlilion of ICNldinl/i Taul web .... ist.n ... Pw 

Single load Stiffened and unstiffened flanges 

rl pw • r2 C,P y (S.S + 1.11 (Nli)1/2) 

I 
.. 

I • Ia I 
fllIf .11 

--'NI.-
eO;;; 1.5 D Load or reaction near or It free end 

Single load Stiffened and unstiffened flanges 
or reaction 

r _IN, pw • r2 CJ C,.p y (13.2 + 1.63 (Nlt)\l2) 

I , 
HIlt 

I I 10 

e> 1.5 D Load or ruction far from free end 
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2.4.2. A.I.S.I. 111,26,27,281 

AISI (American Iron and Steel Institute) design specifications reviewed in this 

subchapter are based on the AISI Specification for the design of cold-formed steel 

structural members 1980, 1986 and proposed design recommendations as stated in 

references 11 and 26. The AISI research and design rules also formed the basis of 

the BS 5950 Part 5 1987 design rules for web crushing. The specifications are also 

applied for two categories of beam. that is. beam having single unreinforced webs 

and I-beam having unrein forced webs with a high degree of restraint against rotation 

of webs. The loading conditions are also divided into four categories and they are 

illustrated in Figure 2.47. According to the figure, the four categories of loading 

conditions can be explained as follows : 

- End one-flange loading (EOF) : e > 1.5 hand z < 1.5 h 

- Interior one-flange loading (lOF) : e> 1.5 hand z O!: 1.5 h 

- End two-flange loading (ETF) : e ~ 1.5 hand z < 1.5 h 

- Interior two-flange loading (ITF) : e ~ 1.5 hand z O!: I.S h 

Where h : Clear distance between flanges measured along the plane of the web 

(in). 

It has been reported in reference 11 and 26 that the present available design criteria 

are not suitable for high strength materials with yield strengths exceeding 80 ksi. In 

fact many types of high strength steels with yield strengths from 80 to 190 ksi are 
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now used for automotive structural components, so that it is necessary to develop 

additional design criteria for the use of a broader range of high strength steels in 

automotive structures. Results of developing the new design criteria have been 

reported in reference 11 and 26 and they can be briefly explained as follows : 

1. Concentrated loads or reactions. 

The ultimate strengths of unrein forced beam webs subjected to concentrated loads or 

reactions can be estimated by using the equations in table 2.4 for beams having single 

unreinforced webs and in table 2.5 for I-beams with flanges connected to bearing 

plates. The equations are applicable for beams with F y ~ 190 ksi; hit ~ 200; Nit ~ 

100; Nih ~ 2.5 and Rlt ~ 10. The design equations for web crippling listed in tables 

2.4 and 2.5 are categorized into nine classes depending on the values of e and z 

(Figures 2.48 and 2.49). The Symbols used in tables 4 and 5 have the following 

definitions. 

e : Clear distance between edges of the adjacent opposite bearing plates 

(in). In the case of interior concentrated load shown in Figure 2.49, e 

should be taken as the smaller value of e1 and e2. 

z : Distance between the edge of the bearing plate to the near end of the 

beam (in). 

Zl : Distance between the edge of the bearing plate to the far end of the 

beam (in). 

F y : Yield strength of the web (ksi). 
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h : Clear distance between flanges measured along the plane of web (in). 

N : Actual length of bearing (in). 

Pe : Governing ultimate web crippling load per web (kips). 

Pcb : Web crippling load caused by buckling per web (kips). 

Pey : Web crippling load caused by bearing per web (kips). 

R : Inside bend radius (in). 

t : Web thickness (in). 

8 : Angle between the plane of web and the plane of bearing surface ~ 45° but 

no more than 900
• 

Cll : 1 + 0.0122(N/t) :S 2.22 ~ C12 : 1 + 0.217(N/t)o.s :s 3.17 

C21 : 1 - 0.247(R1t) ~ 0.32 ; C22 : 1 - 0.0814(R/t) ~ 0.43 

C32 : 1 + 2.4(N1h) :s 1.96 ; C33 : 1 + 0.54(N1h) :s 1.41 

C34 : 1 + O.729(N1h) :s 1.30 C36 : 1 + 1.318(N1h) :s 1.53 

C37 : 1 + 1.262(N1h)l.S :s 1.82~ C38 : 1 + 4(N1h)3 :s 2.69 

C41 : 1 - 0.00348(h/t) :i'! 0.32 ~ C42 : 1 - 0.00170(h/t) :s 0.81 

C43 : 1 - 0.00245(h/t) ~ 0.51 ~ C44 : 1 - 0.0000141 (h/t)2 ~ 0.44 

C45 : 1 - 0.00118(h/t) :s 0.82 ~ C46 : 1 - 0.000471(h/t) :s 0.95 

C47 : 1 - 0.0017(h/t) ~ 0.66 C48 : 1 - 0.0060(h/t) :i'! 0.46 

C51 : 1 - 0.298(e/h) :i'! 0.52 C52 : 1 - 0.120(e/h) ~ 0.40 

C55 : 1 - 0.233(elh) :i'! 0.58 C64 : 1 + 4.547(z/h) :s 7.82 

C68 : 1 + 0.109(z/h) :s 1.22 • C73 : 1 + 0.56(z l lh) :s 1.98 
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2. Combined bending and web crippling. 

Unrein forced flat webs of shapes subjected to a combination of bending and reaction 

or concentrated load shall be designed to meet the following requirements. 

a. Shapes having single webs : 

M P 
+ 1.10 ~ ~ 1.42 ............. (2.4.3) 

M" Pcy 

Where: 

M : Applied bending moment at or immediately adjacent to the point of 

application of the concentrated load or reaction P me (kip-in). 

Mu : Ultimate bending moment permitted if bending moment only exists (kip. 

in). 

P me : Concentrated load or reaction in the presence of bending moment 

(kips). 

Pey : Concentrated load or reaction in the absence of bending moment (kips) 

determined from table 2.4 for e ~ o.Sh case 2. 

The value of P me determined from equation 2.4.3 should not be greater than Pcb 

calculated from table 2.4 for e ~ O.Sh case 2. 

b. I-beams: 

M 
- + 
M" 

P 
1.07 ~ ~ 1.28 ......... (2.4.4) 

Pcy 

Pey should be determined from table 2.5 for e ~ O.Sh case 2. P me obtained from 
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equation 2.4.4 should not be greater than Pcb calculated from table 2.5 for e ~ 0.5h 

case 2. M and Mu have the same definitions as those of shapes having single webs. 

e ~ 0.5 h 

e=O 

Table 1.4. (Shapes having single unrein forced webs) 

1. z = 0 ; (Pc)l is the smaller of P ey or Peb where: 

Pey = 9.9 t2 Fy Cll C21 ( sin 8 ) 

Pcb = 0.047 E r C41 CSl ( sin e ) 

2. z ~ O.Sh ~ (Pc)2 is the smaller of Pey or Peb where: 

Pey = 7.80 ~ Fy e12 e22 ( sin e ) 

Pcb = 0.028 E r2 C32 C42 CS2 ( sin 8 ) 

4. Z = 0 ~ (Pe)4 = Peb where: 

Peb = 0.011 E ~ C33 C43 C73 ( sin 8 ) 

5. z ~ O.Sh ; (Pe)s is the smaller of Pey or Pcb where: 

Pey = 7.8 ~ Fy e12 e22 (sin 8 ) 

Pcb = 0.0041 E r C34 C44 C64 ( sin e) 
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Table 2.40 (Shapes having single unrein forced webs) 

60 0 < z < OoSh ~ (Pe)6 = (Pe)4 + {(Pels - (Pe)4} (ziOoSh) 

70 Z = 0 ; (Pc)' = (Pe)4 + {(Pe)l - (Pe)4} (e/OoSh) 

0< e <OoSh 80 z ~ OoSh ~ (Pe)g = (P Js + {(Pe)2 - (Pe)s} (e/OoSh) 

90 0 < z < O.5h ; (Pe)9 = (Pe)6 + {(Pe)3 - (Pe)6} (e/005h) 

Table 2050 (I-Beams with unreinforced webs) 

1. z = 0 ; (Pe)l = Pcb where: 

Pcb = 00063 E f C45 C5S 

e ~ OoS h 2. z ~ OoSh ; (Pe)2 is the smaller of Pey or Pcb where: 

P ey = 15 r F y C 12 

Pcb = 0.032 E ~ C36 C46 

3. 0 < z < OoSh ~ (Pch = (Pe)l + {(Pe)2 - (Pc)t1 (ziOoSh) 
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Table 2.5. (I-Beams with unrein forced webs) 

4. Z = 0; (Pc)4 = Pcb where: 

Pcb = 0.015 E ~ C37 C47 

e=O 5. Z C?: 0.5h ; (Pc)s is the smaller of Pcy or Pcb where: 

P cy = IS r F y C 12 

Pcb = 0.051 E t2 C38 C48 C68 

6. 0 < z < 0.5h ; (Pc)6 = (Pc)4 + {(Pc)s - (Pc)4} (z/O.Sh) 

7, z = 0 ; (Pc)7 = (Pc)4 + {(Pc)l - (Pc)4} (e/0.5h) 

0< e <O.Sh 8. z C?: O,Sh ; (Pc)8 = (Pc)s + {(Pch - (Pc)s} (e/O.Sh) 

9. 0 < z < O.5h ; (Pc)9 = (Pc)6 + {(Pc)3 - (Pc)6} (e/O.Sh) 
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Figure 2.47. Categories of loading conditions for web crippling 

in AISI 1980 and 1986. 
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Figure 2.49. Definitions of e and z for Interior Concentrated Loads. 

2.4.3. European Recommendations 1987. (291 

This recommendation is concerned with structural elements and frames for building 

and civil engineering and related structures which are cold-formed by processes such 

as cold-forming or press-braking. Design specifications for web crippling are 

discussed in R.4.4.2 of the European Recommendations. According to R.4.4.2 the 

conditions of loading are divided into the following categories : 
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The first category is for the loads such as end supports of beams, loads near 

the end of a cantilever and loads applied so close to a support so that the 

distance from the support to the nearest edges of the loads, measured parallel 

to the beam axis, is less than 1.5 hw . 

The second category is for intermediate supports and loads situated more 

than 1.5 hw from a support or an end of a cantilever. 

The recommendation classifies the beams according to the position of webs with 

regard to the load direction, namely. webs eccentric to the load direction (such as hat 

sections and channels) and webs concentric to the load direction (such as I-beams and 

similar). In order to avoid local buckling and crippling of a flat web under a 

concentrated load or a support reaction. the design value of the load transmitted 

locally must not exceed the value of design strength with respect to web crippling. 

This value can be calculated by using the following formulae which are valid only 

for hJt s 200. 

1. Webs eccentric to the direction (Hat sections and channels). 

a. The first category : 

r;romz: 
Rd = 0.057 t1 ..fIr; E (1 - 0.1~ ~) (0.5 + ~ 7) 

a 1 x (2.4 + (-) ) ....... .... (2.4.5) 
90 

b. The second category : 
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r-;romz: 
Rd = 0.114 t 2 Jfry E (1 - 0.1~~) (0.5 + ~ 7) 

x (2.4 + (~)2) •.•..•••..•••• (2.4.6) 
90 

2. Webs concentric to the load direction (I-beams and similar). 

a. The first category : 

_ 2 fl: 
Rd - t fry (7.4 + 0.93 ~ t) ............. (2.4.7) 

b. The second category : 

_ 1 fl: 
Rd - t fry (11.1 + 2.41 ~ t) ................ (2.4.8) 

Where: 

r : Inner radius < 7 x the sheet thickness t. 

la : Bearing length ~ 1/I~v:S; 3.5 ~ lit:s; 210. 

e : Web inclination. 

fty : The design yield stress which is equal to the yield stress of the basic 

material (fyJJ. 

If the web is subjected to combined bending moment and concentrated load or 

support reaction, the following condition should be satisfied: 
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R when - ~ 0.25 .......... (2.4.9) 
Rd 

when R 0.25 < - ~ 1 .......... (2.4.10) 
Rd 

Where: 

M and R : Bending moment and support reaction or concentrated load. 

: Design strength with respect to crippling calculated from the 

fornnulae 2.4.5 - 2.4.8. 

Md : Design strength with respect to bending moment deternnined 

according to R 4.2. 

In R 4.2, the design strength with respect to bending moment Md can be obtained 

from the following relationship. 

Md = fty Wej ............. (2.4.11) 

Where: 

fty : Design value of yield stress in which according to R 2.5.1, fty may be 

taken from the lowest value between the yield stress of basic 

material (ftJ and (1/1.1) x ultimate tensile stress. 

Wef : Section modulus of the effective cross section. 

The effective web portion of flexural members may be detennined on the basis of the 

ratio of edge stresses (lV) obtained by assuming the compression flange reduced but 

the web being effective. Figure 2.50 is an example of detennining the effective cross 

77 



CHAPTER Z: UTERATlIRE REVIEW 

section of a thin-walled flexural member. In determining the effective cross section 

of flexural members, effects of shear lag should be taken into account when the ratio 

of the span length L to width of compression element b is less than 20. 

ber12 ber!2 ber12 ber/2 

1 r 1 r ~ rl r 
T befl I I T -r be 

-::r Yc 

___ 1 ---- ~ ~ 

Figure 2.50. Example of detennining the effective cross-section 

of thin-walled flexural members. 

2.5. AUTHOR'S CONCLUSIONS. 

On the basis of the literature of web crippling reviewed herein, the author believes 

that it is still complicated to obtain the expression of web crippling resistance from 

a purely theoretical analysis. Most of the ultimate web crippling loads are estimated 

using the formulae which are derived from experimental results. The web crippling 

is actually a kind of structural failure which is caused by a concentrated load and this 
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failure takes place locally at the point of loading. The investigations carried out by 

M.Z. Khan and A.C. Walker have indicated that a structure under localized edge 

loading does not collapse at the critical buckling load. Thus it can be concluded that 

evaluation of the failure load requires examination of behaviour after buckling. 

The field of investigation performed by Murray, Walker, Khoo, Davies and Kemp 

provides the basic analysis for predicting the failure load of a structure using plastic 

mechanisms. The analysis of the plastic mechanisms is based on the approximate 

yield line theory. Failure mechanisms of web crippling have also been studied by 

Bakker so that it will be possible to use the theory of plastic mechanisms for 

analysing the ultimate web crippling load. The results presented in Figure 2.39 

indicate that for plain channel sections subjected to compression loads, the analysis 

of plastic mechanisms tends to underestimate the experimental ultimate loads for a 

given deflection at failure. The failure mechanisms of these channel sections are 

located far from the point of loading. Because web crippling failure occurs right 

under the point of applied loads, it is therefore necessary to develop a plastic­

mechanism model for analysing the ultimate web crippling load. This will be 

attempted by the author through this research program. 

BS 5950, AISI and European recommendations have similar definitions concerning 

the loading conditions,i.e. loads or reactions applied far from free end and loads or 

reactions applied near or at free end. The only difference in defining the loading 
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conditions is that European recommendations do not distinguish between one-flange 

loading and two-flange loading. All loading conditions in the European 

recommendations are categorized only into the first category (End loading) and the 

second category (Intermediate loading). These above three design specifications are 

only applicable to analyse the web crippling resistance of sections without web 

perforations. Almost all parameters influencing web crippling resistance as stated in 

the research findings of Cornell University are taken into account by BS 5950 and 

European recommendations except the web slenderness which is not considered by 

European recommendations. In the case of proposed design recommendations as 

expressed in references 11 and 26, the web slenderness has significant effects on the 

ultimate load caused by buckling failure rather than on the one caused by bearing 

failure. 
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3.1. GENERAL. 

The experimental investigations were carried out to study the influence of various 

loading conditions and parameters such as the bearing length ratio (nit), the web 

slenderness ratio (hw/t) and the inside bend radius ratio (r/t) on the web crippling 

strength of cold-formed plain channel steel section beams. The loading conditions 

used in testing the specimens were similar to those specified by AISI 1986 in Figure 

1.3 (Chapter 1) and in particular the tests under interior one-flange loading (IOF) 

were carried out for many specimens with various dimensions and bearing lengths. 

The prime reason for performing the IOF tests for many specimens was to obtain the 

necessary information for developing and verifying the plastic mechanism theory used 

to analyse the web crippling strength of the specimens under the IOF loading 

condition in this research program. 

All of the loading conditions were applied statically to the specimens and deformed 

parts of the specimens under the applied loads were measured in the tests. The 

experiments were designed in such a way that the load-deformation behaviour of each 

specimen could be recorded directly during the tests. The web crippling strength of 

the specimens obtained from experiments was determined on the basis of maximum 

value of test loads which could be carried by the specimens and this value was 

measured from experimental load-deformation diagrams as well as from the test 

machine. 
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In the tests, reactions of the test loads were not transfered through bearing plates such 

as is indicated in the most publications on web crippling tests, but the reactions were 

transfered through pin supports. Test loads were transfered from the test machine to 

the specimens through a loading block. Besides transfering loads, the loading block 

and the supports were also designed to protect the specimens from being twisted due 

to the off-set position of the test loads with respect to the shear centre of the 

specimens. 

In this chapter, experimental results are presented in the form of tables as well as 

diagrams of experimental load versus parameters studied. Typical examples of 

experimental load-deformation diagrams are also presented in order to know the 

characteristics of the specimens tested under each loading condition. Before carrying 

out the web crippling tests, tensile tests of the basic materials used to manufacture 

plain channel section beam specimens were also performed to identify necessary 

mechanical properties of the basic materials. These properties were needed to analyse 

theoretically the strength of the specimens under web crippling before performing the 

web crippling tests. 

3.2. TEST PROGRAMS. 

The test programs were divided into two steps, where the first step was material tests 

and the second one was the web crippling tests. The material tests were to carry out 
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tensile tests of basic materials which were in the form of steel sheets. The procedure 

of carrying out the tensile tests followed BS 18 Part 3, 1971. The web crippling tests 

were designed to study the strength of plain channel steel section beam specimens 

subjected to combined actions of web crippling and bending as well as web crippling 

only. 

The first goal of the web crippling tests was achieved by testing the specimens under 

the Interior one-flange loading (lOF). The second goal was accomplished by testing 

the specimens under the End one-flange loading (EO F) , End two-flange loading 

(ETF) and Interior two-flange loading (lTF). In the case of the IOF loading, the tests 

were carried out for specimens with various span lengths. The purpose of varying the 

span lengths was to study the influence of various bending moments on the ultimate 

web crippling loads of the specimens under the mid-span loading. 

The specimens for web crippling tests were designed and manufactured according to 

the loading conditions which would be applied to them. Their quantities were more 

than 200 test specimens and most of them were specimens for the tests under the 

mid-span loading. In order to study the influence of bearing length on the ultimate 

web crippling loads, five loading blocks of different widths were used to transfer 

applied loads onto the specimens. The web crippling tests were first carried out for 

the mid-span or IOF loading and followed by EOF, ETF and ITF loading conditions. 

All web crippling tests were employed on the same testing machine and two different 
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directions of web deformation with their corresponding test loads were continuously 

measured during the tests. 

3.3. MATERIAL TESTS. 

The material tests were aimed at testing the mechanical properties of each group of 

steel sheets used to manufacture specimens for web crippling tests. The sheets were 

made of galvanized steels and the size of each sheet was 1250 mm x 1250 mm with 

two different thickness, i.e. t = 1 mm and t = 1.1 mm. The tensile tests were carried 

out according to BS 18 Part 3, 1971 where the design of tensile test specimens is as 

follows: 

t=1&~1 

f 1 /r = 13 ~ r---
I 

---, 

38 - -$--------------Uf------$- -
~ I I 

r 
136 

liZ.' 
.1 

12.7 

178 

Figure 3.1. Tensile test specimen. 
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The above tensile test specimens were made from a small part of the sheets which 

was cut from along side of the galvanized steel sheet. Ten tensile test specimens were 

made for each series of tensile tests, in which these tests were divided into four 

series. The first and the fourth series were for specimens of 1.1 mm thick while the 

second and the third series were for specimens of 1 mm thick. The tensile tests were 

performed in two different machines, that is, a Universal fatigue testing machine 

Zwick reI 2061 and a Servohydraulic testing machine A very Denison. The former 

machine was used for the first series and the latter one was for the other three series. 

The tensile tests were carried out in the ambient temperature and load-extension 

curves were directly recorded during the tests. The extension of the specimen was 

measured using an electric extensometer which was affixed on the specimen at a 

gauge length of 50 mm. The increase of this extension was continuously measured 

up to the end of yielding process. The extensometer was no longer affixed on the 

specimen when the test load started to increase towards the maximum load until the 

specimen completely fractured. Load-extension curves were automatically plotted on 

a X-Y plotter during the tests. Figure 3.2 shows a typical load-extension curve 

obtained from the tensile test where it can be seen that during the strain hardening 

process the corresponding extension is not measured. From four series of the tensile 

tests, the average values of elastic modulus (E) are 196850 MPa (series 1), 195492 

MPa (series 2), 212980 MPa (series 3) and 217302 MPa (series 4). The other 

mechanical properties are presented in the following table. 
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fmax : MAXIMUM LOAD 

Fy : YIELD LOAD 

0+---4'----~·--~--~--_+--~~--~--~ 
~ 0.2 0:4 0.6 0.8 i 1.2 1:4 1.6 

EXTENSION (mm) 

Figure 3.2. Load-extension curve. 

The average values of mechanical properties obtained from four series of the tensile 

tests are as follows : 

SERIES cry (MPa) (JUTS (MPa) A (%) 

1 -18 
303 +26 

-20 
387 +19 

-2 
30 +3 

2 -14 
307 +7 

-5 
374 +9 

-4 
29 +1 

3 -14 
320 +13 

-12 
388 +7 

-1 
31 +1 

4 -10 
328 +8 

-3 
398 +3 

-1 
33 +1 
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/ 

± values indicate maximum and minimum deviations from the average value. 

Where: 

0y : Yield strength. 

OUTS : Ultimate tensile strength. 

A (%) : Percentage of elongation = (1} - IJ/lo x 100%. 

I} : Gauge length after fracture. 

10 : Initial gauge length ( = 50 mm ). 

On the basis of the above properties, the thickness which is less than 3 mm and the 

British Standard for galvanized steels BS 2989 : 1982, the material can be designated 

by BS 2989 Sheet Z 28. This Standard also indicates that from a cast analysis, the 

chemical compositions of this type of material are as follows : 

GRADE C max (%) MOmn (%) Smax (0/0) 

28 0.20 0.80 0.04 

3.4. TEST SPECIMEN. 

Specimens used for web crippling tests in this research program were in the form of 

plain channel section beams and they were fabricated from the galvanized steel BS 
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2989 Sheet Z 28 in the cold state. The quantity of the specimens was 220 specimens 

and they were fabricated with different dimensions. All measured dimensions of the 

specimens were properly documented and they can be seen in appendix A. Of 220 

specimens tested, 158 specimens were designed for the tests of combined web 

crippling and bending moment while the rest of them were designed for the tests of 

web crippling only. 

Figure 3.3 shows the design of specimens for web crippling tests with their pin holes 

of 15 mm in diameter. The first type of specimen (a) was used for the tests of 

combined web crippling and bending, whereas the second (b) and the third (c) types 

of specimen were used for the tests of web crippling only. In the case of the latter 

tests, the specimen (b) was for the EOF tests and the specimen (c) was for the ETF 

as well as ITF tests. In order to identify and distinguish them, they were therefore 

designated in different groups. Their designations were initiated with a capital letter 

H or S and followed by their individual numbers which were based on their nominal 

web depths. 

In fabricating the specimens, the galvanized steel sheets were first cut to the required 

dimensions by using BESCO 'TRUECUT' GUILLIOTINE MODEL 4/0S.MK.2. The 

cut sheets were marked with lines and points as shown in Figure 3.4. The lines 

demarcated the positions to be folded and the points were the centres of pin hole. In 

cutting and marking the sheets, the edges of the cut sheets were made as square as 
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possible and the demarcation lines were drawn perpendicular to the edges of the cut 

sheets and parallel to each other. 

The dimensions of Band D in Figure 3.4 were determined according to the nominal 

dimensions of flange width and distance between top and bottom flanges. The 

dimensions of B were equal to 30 and 40 mm, while the dimensions of D were equal 

to 60, 70, 80, 90 and 100 mm. The distance of two centres of pin hole (1) shown in 

the first cut sheet was dependent on variations of bending moment applied on the 

specimens in the IOF tests and it was chosen to be equal to 175,230, 300, 350,400, 

450 and 500 mm. 

Before folding the cut sheets into the shapes of specimen. the cut sheets were exactly 

drilled at the centres of pin hole using DRILLING MAClllNE ARBOGA COLUMN 

TYPE. Afterwards the cut sheets were folded by using a CmCAGO BOX AND PAN 

BENDING MACHINE at their demarcation lines into the final shapes of the 

specimens. The straightness of web and flanges of each specimen was carefully 

inspected using a square angle in order to ensure that the angle between the web and 

the flanges was at right angle. 

89 



-

---

CH.4PTER 3 : E.'tJ'ERIMENTAL INVESTIGATIONS 

t-
A 

------------------------------t---
11~ ~I~ 
-~-------------------~-r 

I i 
--- --------------------------- ---

I---A 
30 1 30 

L 

(a) 

B 1-' 
------------------------------t---

~I ~ -j I r5 

------------~--------~~-
! I 

------------------------------ ---
I--- B 

30 
LI2 U2 

L 

(b) 

r-B 
r------------------------------t---

-j I rS 

-----------------------~-~---

L 

(c) 

I 

I--- B 
30 

Figure 3.3. Design of test specimen. 

90 

SECllON A-A 

11 
twD 

SECllON B-B 

SEcrION B-B 



CHAPTER J: EXPERIMENTAL INVESTIGATIONS 

w! _____________ l1 J:~------------
t · · DW t .. 

Wi L-~ _--_-_-_-_--;--_-_-_-_-_--J tIL r -- - - - - - - - - - -

1]014 ~ .13~r \_ Lf2 

l1 
DW 

tl 
FOR SPECIMEN UNDER IOF FOR SPECIMEN UNDER EOF 

FOR SPECIMEN UNDER ETF AND ITF 

-- : DEMARCATION LINES • : CENTRES OF PIN HOLE 

Figure 3.4. Cut sheets for fabricating test specimen. 

3.5. TEST EQUIPMENT. 

The equipment used in the web crippling test was as in the following lists. 

1. TINIUS-OLSEN Electro Mechanical Testing Machine. 

2. Test attachments which cover a test rig, supports and loading blocks. 

3. Displacement transducers. 

4. X - Y Plotters. 
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3.5.1. TIN IUS-OLSEN ELECTRO MECHANICAL TESTING MACHINE. 

In this investigation, the web crippling tests of the specimens were employed in a 

TINIUS-OLSEN Electro Mechanical Testing Machine. It is annually calibrated by 

Namas Test House (Bayliss Brown Limited) to BS 1610 : 11 : 85 and its maximum 

capacity is 200000 lbs. This machine has four load ranges, so that it will be possible 

to select appropriate test loads prior to the test execution. The test load is applied on 

the specimens by lowering the crosshead of the machine and this movement is 

activated by four electrically controlled power screws. 

A photograph of the TINIUS-OLSEN machine used in this research program can be 

seen in Figure 3.5. The test loads can be read from the load indicator scale shown in 

the photograph where the scale is equipped by two load pointers. As the test is 

running, the first pointer pushes the second one round clockwise the scale up to a 

point at which the maximum load is attained. After that the first pointer moves 

counter clockwise towards a scale corresponding to a zero load and the maximum 

load can be easily read from the value indicated by the second pointer. 

The rate of loading can be selected from the speed control dial and it is infinitely 

variable within the speed range of the testing machine. In experiments, the testing 

machine was normally run at low and constant speed except in the case of setting the 

specimens or test rigs. the machine cross head was lowered and raised at high speed. 
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This testing machine is also equipped with a graphic recorder which is able to plot 

load-deflection curves automatically during the tests . But this recorder was not used 

in this investigation and experimental load-deflection curves were plotted using X-V 

plotters . 

Figure 3.5. TINIUS-OLSEN testing machine. 
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3.5.2. TEST ATTACHMENTS. 

Because the length of specimens was relatively short, it was therefore impossible to 

clamp the specimens direct to T-slots of the TINIUS-OLSEN machine. In order to 

be able to carry out the tests, it was necessary to make an attachment which could 

be used to fix the specimens onto the testing machine. The problem was then solved 

by designing and manufacturing a test rig which could be clamped direct to the T-

slots. Two supports were also manufactured for the purpose of resisting the 

specimens from twisting and holding them on the test rig. The supports were pinned 

to the specimens and then assembled with the test rig through base plates by using 

bolted connections. Figure 3.6 illustrates the set-up of the specimens on the test rig 

for the test of IOF loading condition. 

r-------------, 
I I 

WEIGUL-';O TABLE 

OF TOOt:S·OLSES 

Figure 3.6. Set-up of specimen on the test rig. 
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Another set of attachments which was also manufactured was the loading blocks. 

These blocks were made of mild steel and basically designed to transfer test loads 

from the testing machine onto the specimens as well as to protect them from twisting. 

The loading blocks were bolted to the bottom clamp and fixed on the machine 

crosshead as shown in Figure 3.6. The design of the loading blocks can be seen in 

Figure 3.7, in which their dimensions of width (W) and thickness (B) are varied and 

the variations of Ware intended to provide different load bearing lengths on the 

specimens in the experiments. The loading block (a) was used to transfer test loads 

from the Tinius-Olsen testing machine onto the specimens and the loading block (b) 

was used to carry reactions of the test loads in the tests of ETF as well as ITF. 

11r\1S \. B 

-.i 
.\ 

IT 15 

t 

100 95 

U 
I. w .1 -151-
w .. 30, 35, 40,45 and 50 mm 
B .. 50, 55, 60, 65 and 70 mm (a) 

f:=n 
40 

47 

~5 J~'I. ~~.l. ·~r -€. 

L t - +-
19 

--*-
I. 84 .. I I. W ..I 

W .. 30, 40 and 50 mm 
(b) 

Figure 3.7. Design of loading blocks. 
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3.5.3. DISPLACEMENT TRANSDUCER. 

Two transducers were used to measure the deflection of web of the specimens in the 

experiments. Each of the transducers has a stroke of 0 - 150 mm and its signal output 

was recorded by X-Y plotters. In order to ensure the accuracy of measuring the 

deflection of web, each of the transducers was carefully calibrated before using them 

in the experiments. One of the transducers was used to measure the vertical deflection 

of the web and the other was used to measure the lateral deflection of the web. The 

transducers were set up in such a way that as the web of the specimens deformed due 

to the action of test loads, the probe of each transducer was compressed towards its 

main housing. The changes of the probe displacement governed the signal output 

from the transducers and this signal was linearly proportional to the probe 

displacement. 

3.5.4. X-Y PLOTTER. 

Two X-Y plotters were used to plot load vs. deflection curves of the tested 

specimens, i.e. one plotter was to plot load vs. vertical deflection of web and the 

other one was to plot load vs. lateral deflection of web. Each of the plotters was 

connected to the displacement transducer and the load cell of the TINIUS-OLSEN 

testing machine, so that simultaneous signals of displacement and load could be 

received and recorded by the X-Y plotters throughout the experiments. Both of the 
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x-Y plotters have the following specifications. 

Model Number : Gould Series 60000 

: A3 size 

: 240 Volts A.C 

Recording area 

Supply voltage 

Manufacturer : Bryans Recorders Ltd. 

3.6. WEB CRIPPLING TESTS. 

In order to verify the results of the theoretical analyses presented in the following 

chapters, it was necessary to carry out web crippling tests of all designated 

specimens. These tests were accomplished in the TINIUS-OLSEN Electro Mechanical 

Testing Machine and they were divided into 5 test series. The first two series were 

the tests of combined web crippling and bending, while the last three series were the 

tests of web crippling only. More than 50% of the total number of specimen were 

tested under combined web crippling and bending (IOF), in which the first test series 

consisted of 132 specimens and the second test series consisted of 27 specimens. In 

the last three series of web crippling tests only, the rest of all specimens were tested 

under different loading conditions. The third series were the tests of 26 specimens 

under the EOF loading condition, while the fourth and the fifth series were the tests 

under the ETF and ITF loading conditions with 18 specimens for each of these series. 

During the tests, vertical and horizontal (lateral) displacements of the web in all test 
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series were measured using displacement transducers. The transducer for measuring 

the vertical displacement of web was not directly affixed onto the web. but it was 

vertically affixed onto the crosshead of the TINIUS-OLSEN testing machine and the 

tip of its probe contacted a spacer block. As the crosshead moved downwards, the 

probe of the transducer was compressed by the spacer block towards its main housing 

and its displacement would be the same as the vertical displacement of the web under 

the loading point. In the case of lateral displacements of web, the transducer was 

horizontally affixed onto the weighing table of the TINIUS-OLSEN testing machine 

using a portable magnetic device and the tip of its probe touched the web at a point 

at which the maximum lateral deflection of web occured. The position of the 

maximum lateral deflection of the web could be approximately determined by testing 

a few samples of the specimen and observing their modes of web deformation at 

failure. 

3.6.1. INTERIOR ONE-FLANGE LOADING (lOF) TESTS. 

The IOF tests were performed by testing the specimens under three-point loading 

conditions where test loads were applied to the top flange of the specimens at their 

mid-spans and reactions of the test loads were carried by end pin supports. An 

illustration of this test arrangement can be seen in Figure 3.8 and this test 

arrangement causes the specimens to be subjected to combined actions of web 

crippling and bending moment. The ratio of maximum applied bending moment (M) 
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to the moment capacity (Me) of the specimens was varied where the first test series 

were carried out with MIMe ~ 0.3 and the second test series were for MIMe < 0.3. 

On the basis of nominal web depths (hw), the specimens were divided into 5 groups 

for the first test series and 3 groups for the second test series. The groups of 

specimen in the first test series consisted of specimens with hw = 60, 70, 80, 90, 100 

mm and the second test series consisted of specimens with hw = 60, 80 and 100 mm. 

Each group of specimen were tested under different load bearing lengths (n), where 

the first test series used bearing lengths of 30, 35, 40, 45, 50 mm and the second test 

series used bearing lengths of 30, 40 and 50 mm. 

Variations of applied bending moment were obtained by varying the distance between 

two end pin supports or the span lengths (1) of the specimens. In the first test series, 

the span lengths of specimen were 300, 350, 400, 450, 500 mm while in the second 

test series, the span lengths were 175, 230 and 300 mm. In order to know the 

consistency of results obtained from the tests, three to five specimens of the same 

web depth (hw) were tested under the same load bearing length (n). The maximum 

lateral deflection of the web was measured by fixing the tip of transducer probe at 

a point on the web which was located 15 mm (for test series 1) or 25 mm (for test 

series 2) underneath the load bearing length. The test loads were continuously applied 

to the specimens at a constant and low speed. As the test loads already decreased 

further from their maximum values attained, the tests were then stopped. 

99 



CH.-tPTER 3 : EXPERIMENTAL INVESTIGATIONS 
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Figure 3.8. Test set-up of IOF loading condition. 

3.6.2. END ONE-FLANGE LOADING (EOF) TESTS. 

In the EOF tests, the specimens were still treated as three-point loading beams, but 

with a different test arrangement.. One of end pin supports was shifted to the mid-

span of the specimens and the other pin support was still located at the other end of 
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the specimen. Test loads were still applied to the top flange and exactly located at 

the free end of the specimens. Figure 3.9 indicates the test arrangement where this 

arrangement causes the bending moment at the point of loading to be negligible so 

that there is no interaction between concentrated load and bending moment. Thus, it 

is believed that the cause of failure of the specimens in this test arrangement is web 

crippling only. 

CROSS HEAD OF TI/\'US-OLSEN 

T-SLOT 

WEIGlID:G TABLE 

OF 'TL"US-OLSEN 

P : CRUSltlNO FORCE SIGNAL L : LATERAL DISPLACEMr>NT 'ffiANSDUCER 
UI: VERTICAL DISPLACEMENT SIGNAL V: VERTICAL DISPLACEMENT TRA.lIISDUCER 
U2: LATERAL DISPLACEMENT SIGNAL 

Figure 3.9. Test set-up of EOF loading condition. 
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The 26 specimens for the EOF tests were divided into 3 groups where each of the 

groups consisted of the specimens with the nominal web depths of 60, 80 and 100 

mm. Each group of specimen were tested under the load bearing lengths (n) of 30, 

40, 50 mm and the number of specimen from the same group tested under the same 

load bearing length was 3 specimens. The vertical and lateral deflections of the web 

were also measured using the same procedures as in the case of IOF tests. In 

measuring the lateral deflection of the web, the lateral displacement transducer was 

located about 30 mm underneath the load bearing length and at a distance of half 

load bearing length (n/2) from the free end of the specimens. 

3.6.3. END TWO-FLANGE LOADING (ETF) TESTS. 

The other tests of web crippling perfonned in this research program were the tests 

of End Two-Flange Loading. In these tests, the specimens were loaded on either side 

of their flanges and the test loads were located at one free end of the specimens. In 

order to maintain the specimens always in horizontal conditions, the other end of the 

specimens was connected to the pin support. As can be seen in Figure 3.10 that the 

top flange is subjected to the test load which is transfered through the loading block 

from the testing machine, while the bottom flange is subjected to the reaction of test 

load carried by the loading support. With reference to Figure 3.7, the loading block 

which transfers the test load onto the top flange is the loading block of type a and 

the loading support which carries the reaction of test load is the loading block of 
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type b. Thus, this test arrangement will cause the web of specimen to be crushed 

from two opposite directions. 

1- _________________ , 

SPACER nLOCK 

WEIGHINO TABLE --t-----' 
OF TINIUS-OLSEN 

CROSSIIEAD OF TINlUS-OLSEN 

BOITOM ClAMP 

t------t-i-LOADINO nLOCK 

T-SLOT 

P: CRUSHINO FORCE SIGNAL L: LATERAL DISPLACEMENT TRANSDUCER 
UI: VERTICAL DISPLACEMENT SIGNAL V: VERTICAL DISPLACE.\1ENT TRANSDUCER 
U2: IJI.TERAL D1SPIJI.CE.\1ENT SIG:-IAL 

Figure 3.10. Test set-up of ETF loading condition. 
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The 18 specimen for the ETF tests were divided into 2 groups, in which each group 

consisted of the specimens with nominal web depths of 70 and 100 mm. The load 

bearing lengths applied to the top and bottom flanges in the experiments were 30, 40, 

50 mm and they were used in testing each group of the specimens. The consistency 

of experimental results was also expected and for this purpose, at least three 

specimens of the same nominal web depths were tested under the same load bearing 

lengths. The measurement of vertical and lateral deflections of web was also carried 

out by the same procedures as those in the previous web crippling tests, only the 

position of lateral displacement transducer was approximately a half web depth 

underneath the load bearing length and exactly at the end of the specimens. 

3.6.4. INTERIOR TWO-FLANGE LOADING (ITF) TESTS. 

The tests of web crippling only were also carried out using an Interior TWO-Flange 

Loading arrangement. Test loads were still applied on the top and bottom flanges 

using the same loading blocks, only their positions were shifted to the middle of the 

specimens. In order to keep the specimens in horizontal positions during the tests, one 

pin support was still used to support one free end of the specimens. Basically. the 

procedures of carrying out these tests were similar to those of ETF tests and the test 

set-up was as in the following figure. 
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j--ICROISSIlEAD OF TINIUS-OL.SEN 
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U2 : LATERAL DISPLACE.\1E~T SIONAL 

Figure 3.11. Test set-up of ITF loading condition. 

3.7. RESULTS AND DISCUSSIONS. 

All experimental results are presented in the following tables and diagrams of 

experimental load (Fe) versus applied bending moment (M) and parameters studied 

in this research program such as the bearing length ratio (nit), the web slenderness 
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ratio (hw/t) and the inside bend radius ratio (r/t). Some typical examples of load­

deflection diagram obtained from experiments are also shown to represent actual 

load-deflection behaviour of all specimens tested under each of the loading 

conditions. Finally. all factors influencing the web crippling strength ofthe specimens 

as indicated by the experimental results will be discussed in more detail. 

3.7.1. INTERIOR ONE-FLANGE LOADING (IOF). 

Table 3.1. (MIMe ~ 0.3) 

No. Specimen nit hw/t rlt I M Fe 

(mm) (KNmm) (KN) 

1 H60-2 27.27 53.42 2.05 300 276.25 4.09 

2 H60-4 27.27 53.42 2.05 300 279.25 4.14 

3 H60-7 27.27 54.25 2.05 300 282.25 4.18 

4 H60-9 27.27 54.23 2.05 300 279.25 4.14 

5 H60-10 27.27 54.00 2.05 300 276.25 4.09 

6 H60-18 31.53 54.86 2.03 300 289.40 4.37 
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Table 3.1. (MIMe ~ 0.3) 

No. Specimen nit hw/t r/t 1 M Fe 

(mm) (KNmm) (KN) 

7 H60-19 31.53 54.06 2.03 300 289.40 4.37 

8 H60-20 31.53 54.52 2.03 300 288.52 4.35 

9 H60-21 31.53 53.65 2.03 300 290.88 4.39 

10 H60-22 31.53 53.95 2.03 300 292.35 4.41 
,. 

11 H60-23 36.04 54.06 2.03 300 296.95 4.57 

12 H60-24 36.04 54.06 2.03 300 299.84 4.61 

13 H60-25 36.04 54.41 2.03 300 294.35 4.53 

14 H60-26 36.04 54.77 2.03 300 295.22 4.54 

15 H60-27 36.04 54.06 2.03 300 297.24 4.57 

16 H60-28 40.54 55.09 2.03 300 303.44 4.76 

17 H60-29 40.54 54.54 2.03 300 309.68 4.86 

18 H60-30 40.54 54.64 2.03 300 304.85 4.78 

19 H60-31 40.54 54.36 2.03 300 306.84 4.81 
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Table 3.1. (MIMe ~ 0.3) 

No. Specimen nit hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

20 H60-32 40.54 53.74 2.03 300 309.11 4.85 

21 H60-33 44.64 54.71 2.01 304 310.72 4.89 

22 H60-34 45.05 53.26 2.03 302 312.76 4.96 

23 H60-35 45.05 55.71 2.03 302 307.43 4.88 

24 H60-36 45.05 55.67 2.03 300 306.66 4.91 

25 H60-37 45.05 55.21 2.03 300 306.66 4.91 

26 H70-6 27.03 62.35 2.03 350 317.44 3.97 

27 H70-7 27.27 62.46 2.05 350 304.98 3.81 

28 H70-8 27.27 62.46 2.05 350 312.81 3.91 

29 H70-11 31.53 63.42 2.03 351 335.96 4.25 

30 H70-12 31.53 63.22 2.03 351 337.37 4.27 

31 H70-13 31.53 63.14 2.03 351 353.18 4.47 

32 H70-14 31.53 63.79 2.03 350 346.11 4.40 
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Table 3.1. (MIMe ~ OJ) 

No. Specimen nit hw/t r/t 1 M Fe 

(mm) (KNmm) (KN) 

33 H70-15 31.53 62.95 2.03 351 349.32 4.42 

34 H70-18 36.04 63.68 2.03 352 342.46 4.39 

35 H70-19 36.04 63.33 2.03 352 349.75 4.48 

36 H70-20 36.04 63.47 2.03 351 341.71 4.40 

37 H70-21 40.54 63.51 2.03 350 359.54 4.72 

38 H70-23 40.54 63.90 2.03 350 354.45 4.65 

39 H70-24 40.54 63.51 2.03 350 366.66 4.81 

40 H70-30 40.54 63.22 2.03 350 363.95 4.77 

41 H70-25 45.05 63.13 2.03 350 373.33 4.98 

42 H70-26 45.05 63.22 2.03 350 361.32 4.82 

43 H70-27 45.05 62.76 2.03 350 363.66 4.85 

44 H70-28 45.05 63.13 2.03 350 366.99 4.89 

45 H70-29 45.05 63.56 2.03 350 361.99 4.83 
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Table 3.1. (MIMe ~ OJ) 

No. Specimen nIt hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

46 H80-9 27.27 72.30 2.05 398 374.47 4.07 

47 H80-10 27.27 72.51 2.05 398 377.74 4.11 

48 HSO-ll 27.03 72.55 2.03 402 394.26 4.24 

49 H80-12 27.03 72.67 2.03 402 401.29 4.31 

50 H80-13 27.03 73.26 2.03 402 390.95 4.20 

51 H80-14 31.53 72.00 2.03 402 404.8S 4.41 

52 HSO-15 31.53 72.12 2.03 402 421.20 4.59 

53 HSO-16 31.53 71.94 2.03 402 40S.96 4.46 

54 HSO-17 36.04 72.23 2.03 402 412.64 4.56 

55 H80-18 36.04 71.82 2.03 402 420.70 4.65 

56 H80-19 36.04 72.44 2.03 402 416.27 4.60 

57 H80-30 36.04 72.28 2.03 402 406.61 4.49 

58 HSO-31 36.04 71.89 2.03 402 412.24 4.56 
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Table 3.1. (MIMe C!: 0.3) 

No. Specimen nit hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

59 H80-20 40.54 72.16 2.03 402 425.60 4.77 

60 H80-21 40.54 73.04 2.03 402 417.67 4.68 

61 H80-22 40.54 71.68 2.03 402 440.69 4.94 

62 H80-23 40.54 72.96 2.03 403 431.18 4.82 

63 H80-24 40.54 72.71 2.03 402 427.19 4.79 

64 H80-25 45.05 72.85 2.03 402 454.48 5.16 

65 H80-26 44.64 71.82 2.01 402 429.43 4.88 

66 H80-27 45.05 72.10 2.03 402 446.26 5.07 

67 H80-28 45.05 71.00 2.03 402 443.13 5.04 

68 H80-29 45.05 72.59 2.03 402 443.91 5.04 

69 H90-10 27.27 80.78 2.05 453 439.37 4.15 

70 H90-11 27.27 80.69 2.05 453 437.02 4.13 

71 H90-12 27.27 81.59 2.05 450 442.54 4.21 
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Table 3.1. (MIMe ~ 0.3) 

No. Specimen nIt hw/t r/t 1 M Fe 

(mm) (KNmm) (KN) 

72 H90-13 27.03 81.64 2.03 450 437.19 4.16 

73 H90-14 30.00 88.98 2.25 451 341.78 3.25 

74 H90-15 35.00 88.98 2.25 451 347.90 3.35 

75 H90-16 31.53 82.25 2.03 451 442.28 4.25 

76 H90-17 31.53 81.00 2.03 451 456.16 4.39 

77 H90-18 36.04 81.52 2.03 451 463.02 4.51 

78 H90-19 35.71 80.10 2.01 451 465.30 4.53 

79 H90-20 36.36 81.82 2.05 451 482.21 4.69 

80 H90-21 40.54 81.32 2.03 451 471.38 4.64 

81 H90-22 40.18 80.09 2.01 451 473.64 4.67 

82 H90-23 40.54 81.32 2.03 450 468.42 4.63 

83 H90-24 45.45 89.57 2.27 451 359.86 3.55 

84 H90-25 40.54 81.18 2.03 451 489.89 4.83 
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Table 3.1. (MIMe ~ 0.3) 

No. Specimen nit hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

85 H90-26 45.45 81.77 2.05 451 483.61 4.82 

86 H90-27 45.05 81.45 2.03 451 508.38 5.07 

87 H90-28 45.05 81.27 2.03 451 478.70 4.78 

88 H90-29 44.64 79.96 2.01 451 513.74 5.12 

89 H90-30 45.05 81.43 2.03 451 474.94 4.74 

90 HI00-l 30.00 99.35 2.25 500 400.90 3.41 

91 HIOO-2 30.00 99.96 2.25 501 401.75 3.41 

92 HI00-3 30.00 98.97 2.25 502 403.13 3.42 

93 HI00-4 30.30 102.09 2.27 501 387.09 3.29 

94 HIOO-5 30.30 101.29 2.27 502 387.91 3.29 

95 HIOO-6 35.35 101.53 2.27 501 380.39 3.27 

96 H100-7 35.71 102.58 2.30 501 385.57 3.31 

97 H100-8 35.00 99.90 2.25 501 410.96 3.53 
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Table 3.1. (MIMe ~ 0.3) 

No. Specimen nit hw/t r/t 1 Md Fe 

(mm) (KNmm) (KN) 

98 HIOO-9 35.00 99.60 2.25 502 405.61 3.47 

99 HIOO-IO 35.00 99.90 2.25 SOl 399.04 3.43 

100 HIOO-II 40.00 99.60 2.25 502 431.58 3.74 

101 HIOO-12 40.00 98.51 2.25 502 403.32 3.49 

102 HIOO-13 40.00 99.75 2.25 502 423.88 3.67 

103 HIOO-I4 40.00 99.60 2.25 502 404.87 3.51 

104 HIOO-15 40.82 101.81 2.30 502 407.95 3.53 

lOS HIOO-16 45.00 98.77 2.25 502 425.39 3.72 

106 HIOO-17 45.00 100.08 2.25 502 435.55 3.81 

107 HIOO-18 45.00 100.26 2.25 502 436.06 3.82 

108 HIOO-19 45.45 102.32 2.27 501 415.33 3.64 

109 HIOO-20 45.45 100.39 2.27 503 418.68 3.66 

110 HIOO-21 50.00 99.52 2.25 503 439.30 3.88 
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Table 3.1. (MIMe ~ 0.3) 

No. Specimen nit hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

III HI00-22 50.51 101.39 2.27 502 430.79 3.81 

112 HI00-23 50.00 100.11 2.25 502 433.80 3.84 

113 HI00-24 51.02 102.48 2.30 502 436.82 3.87 

114 HI00-25 50.00 100.24 2.25 502 440.34 3.90 

115 HI00-52 30.00 101.33 2.25 500 381.53 3.25 

116 HIOO-53 30.61 104.89 2.30 500 371.07 3.16 

117 HIOO-54 30.00 100.52 3.25 500 365.85 3.11 

118 HI00-55 30.00 99.39 3.25 500 365.85 3.11 

119 HIOO-56 30.61 100.82 4.34 500 344.94 2.94 

120 HIOO-57 30.93 101.87 4.38 500 344.94 2.94 

121 HI00-58 40.40 103.56 2.27 500 471.62 4.10 

122 HIOO-59 40.82 105.44 2.30 500 467.53 4.07 

123 HIOO-60 40.40 100.61 3.28 500 452.70 3.94 
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Table 3.1. (MIMe ~ OJ) 

No. Specimen nit hw/t r/t 1 M Fe 

(mm) (KNmm) (KN) 

124 HI00-61 41.67 104.04 3.39 500 445.02 3.87 

125 HI00-62 40.00 99.36 4.25 500 455.25 3.96 

126 HI00-63 40.40 99.01 4.29 500 439.91 3.83 

127 HI00-64 50.51 103.29 2.27 500 460.37 4.09 

128 HIOO-65 S1.55 106.25 2J2 500 477.88 4.25 

129 HI00-66 49.50 98.95 2.23 500 467.87 4.16 

130 HI00-67 50.S1 100.42 3.28 500 442.85 3.94 

131 HI00-68 49.S0 97.40 4.21 500 44S.36 3.96 

132 HIOO-69 50.00 98.00 4.25 500 4S0.36 4.00 
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Table 3.2. (MJM:c < 0.3) 

No. Specimen nit hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

1 H60-6 40.40 60.59 3.79 175 147.15 4.36 

2 H60-8 40.00 59.62 3.50 176 145.18 4.27 

3 H60-11 40.00 60.26 3.25 176 124.10 4.45 

4 H60-12 51.02 60.33 3.32 177 148.27 4.67 

5 H60-38 50.00 61.12 3.75 177 151.59 4.89 

6 H60-39 50.00 59.40 3.50 175 148.75 4.76 

7 H80-35 40.40 80.61 3.79 230 208.05 4.38 

8 H80-36 40.40 80.20 3.75 230 207.10 4.36 

9 H80-37 40.00 79.48 3.75 230 207.10 4.36 

10 H80-32 30.00 80.52 3.50 230 215.00 4.30 

11 HSO-33 30.00 79.00 3.75 230 223.50 4.47 

12 H80-34 30.00 80.00 3.75 230 223.50 4.47 

13 HI00-28 30.30 101.01 4.04 300 253.80 3.76 
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Table 3.2. (MIMe < 0.3) 

No. Specimen nit hw/t r/t I M Fe 

(mm) (KNmm) (KN) 

14 HI00-29 40.00 99.58 4.00 300 289.25 4.45 

15 HIOO-30 40.00 99.98 4.00 300 289.25 4.45 

16 HI00-31 40.00 101.94 4.00 300 290.55 4.47 

17 HIOO-32 50.51 101.94 4.04 300 283.13 4.53 

18 HI00-33 50.00 99.78 4.00 300 294.38 4.71 

19 HIOO-34 50.00 99.80 4.00 300 283.13 4.53 

20 H100-36 30.00 101.88 2.25 300 288.23 4.27 

21 HIOO-37 30.30 99.41 3.28 300 288.23 4.27 

22 HI00-41 39.60 100.97 2.23 300 297.79 4.58 

23 HI00-42 40.40 103.05 2.27 300 306.47 4.71 

24 HIOO-44 39.60 98.63 3.22 300 318.03 4.89 

25 HIOO-47 50.51 102.40 2.27 300 325.26 5.20 

26 HIOO-49 50.50 100.83 3.28 300 323.75 5.18 

27 HI00-50 50.00 98.00 4.25 300 323.59 5.18 
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Figure 3.12. Load vs. applied bending moment of IOF tests. 
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Figure 3.13. Load vs. bearing length ratio of IOF tests. 
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Figure 3.14. Load vs. web slenderness ratio of IOF tests. 

Fe (I<N ) 

7~----------------------------~ P'. a ElCPERAIENTAL ULTIIATE LOAD 
r I INSIDE lEN) JW)IUS , t a WEB nRctCNEIS 

.. 
105 2 

+ + 

SPECIUEN tH)ER reF 

+ 
+ + 
IJI.II* 

01" + + 
8--.... -i1-i .§..S "';48Ls6 

o 
t • 1.1 - 1.11 mn 

o SPECD.IEN t.tf)ER n - 30 mn 

+ !PECIUEN lHlER n - 50 mn 

2.11 ~ u • 
r/t 

Figure 3.15. Load vs. inside bend radius ratio of IOF tests. 
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3.7.2. END ONE-FLANGE LOADING (EOF). 

Table 3.3. 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 S 100-1 30.00 99.36 4.00 1.73 

2 S100-2 30.30 100.93 4.04 1.65 

3 S 100-3 30.30 101.03 4.04 1.68 

4 S100-4 40.40 101.84 4.04 1.88 

5 S100-5 40.40 101.93 4.04 1.86 

6 S100-6 40.00 101.14 4.00 1.85 

7 S100-7 50.00 100.00 4.00 2.10 

8 S100-8 50.00 100.16 4.00 2.21 

9 S 100-9 50.00 99.28 4.00 2.14 

10 S80-1 30.00 79.68 3.75 1.86 

11 S80-2 30.00 80.00 3.75 1.81 

12 S80-3 30.00 80.20 3.75 1.86 
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Table 3.3 

No. Specimen nit hw/t r/t Fe 

(KN) 

13 S80-4 . 40.00 79.58 3.75 2.14 

14 S80-5 40.00 80.00 3.75 2.09 

15 S80-6 40.82 83.65 3.83 1.93 

16 S80-7 50.00 79.00 3.75 2.38 

17 S80-8 50.00 79.50 3.75 2.60 

18 S80-9 50.00 79.50 3.75 2.37 

19 S60-1 30.30 60.40 3.54 2.15 

20 S60-2 30.30 60.00 3.54 2.08 

21 S60-3 30.00 59.68 3.50 2.08 

22 S60-4 40.00 59.78 3.50 2.54 

23 S60-5 40.00 59.70 3.50 2.59 

24 S60-6 40.00 59.38 3.50 2.58 

25 S60-7 50.00 60.00 3.50 3.11 

26 S60-8 50.00 59.50 3.50 2.94 
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Figure 3.16. Load vs. bearing length ratio of EOF tests. 
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Figure 3.17. Load vs. web slenderness ratio of EOF tests. 
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Figure 3.18. Load VS. inside bend radius ratio of EOF tests. 

3.7.3. END TWO-FLANGE LOADING (ETF). 

Table 3.4. 

No. Specimen nit hw/t rlt Fe 

(KN) 

1 H4-1 27.03 64.29 l.80 l.89 

2 H4-2 27.27 65.09 2.05 l.78 

3 H4-3 27.03 64.94 l.80 l.81 

4 H4-4 36.36 65.56 l.82 2.00 
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Table 3.4. 

No. Specimen nit hw/t r/t Fe 

(KN) 

5 H4-5 36.04 65.21 1.80 2.03 

6 H4-6 36.70 66.29 1.83 1.87 

7 H4-7 45.87 66.09 2.06 2.16 

8 H4-8 45.87 66.26 2.06 2.20 

9 H4-9 45.87 65.39 2.06 2.25 

10 H5-1 27.27 93.64 2.05 1.64 

11 H5-2 27.27 92.62 2.05 1.84 

12 H5-3 27.03 91.73 2.03 1.64 

13 H5-4 36.04 91.50 2.03 2.05 

14 H5-5 36.04 91.68 2.03 1.98 

15 H5-6 36.36 92.56 2.05 1.99 

16 H5-7 45.45 93.55 2.05 2.19 

17 H5-8 45.45 93.18 2.05 2.32 

18 H5-9 45.05 92.07 2.03 2.22 
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Figure 3.19. Load vs. bearing length ratio of ETF tests. 
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Figure 3.20. Load vs. web slenderness ratio of ETF tests. 
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3.7.4. INTERIOR TWO-FLANGE LOADING (ITF). 

Table 3.5. 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 H6-1 27.03 64.34 1.80 4.53 

2 H6-2 27.03 64.14 1.80 4.75 

3 H6-3 26.79 63.02 1.79 4.53 

4 H6-4 36.04 64.07 1.80 4.87 

5 H6-5 36.04 64.16 1.80 5.14 

6 H6-6 36.04 63.68 1.80 5.05 

7 H6-7 44.64 63.48 1.79 5.26 

8 H6-8 45.05 64.25 1.80 5.17 

9 H6-9 45.05 65.93 1.80 5.18 

10 H7-1 27.27 92.40 1.82 4.58 

11 H7-2 27.03 91.82 1.79 4.56 

12 H7-3 27.03 92.41 1.80 4.63 

13 H7-4 35.71 90.63 1.79 4.85 
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Table 3.5. 

Specimen nit hw/t rlt Fe 

(KN) 

H7-5 36.04 91.51 1.80 

H7-6 36.36 92.24 1.82 

H7-7 45.05 91.98 1.80 

H7-8 45.45 92.75 1.82 

H7-9 45.45 92.58 1.82 

• 
Fe, DPERlUENTAt. Ul.TlUATE LOAD 
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Figure 3.21. Load vs. bearing length ratio of ITF tests. 
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Figure 3.22. Load VS. web slenderness ratio of ITF tests. 

3.7.5. LOAD-DEFLECTION CURVES. 
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Figure 3.23. Load vs. web crippling deformation. 
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7'~----------------------------A I SPECILEN H80-28 (JeF) 
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Figure 3.24. Load vs. lateral deflection of web. 

3.7.6. DISCUSSION. 

The experimental results presented in the tables and the diagrams of load vs. 

parameters studied in this research program have shown that the values of ultimate 

web crippling load are affected by various factors. In the case of the specimens tested 

under combined actions of web crippling and bending (IOF tests), the ultimate web 

crippling loads are severely affected by the magnitude of bending moment acting on 

the specimens. This can be seen in Figure 3.12 where as the value of bending 

moment (M) increases, the value of experimental ultimate web crippling load (Fe) 
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decreases. The similar effect on the ultimate web crippling loads in the IOF test is 

also shown in Figure 3.15, where the larger values of inside bend radius ratio (r/t) 

tend to decrease the values of Fe' In contrast to the parameter of bearing length ratio 

(nit) as indicated in Figure 3.13 that the larger the values of nIt, the higher the values 

of Fe' Regarding to the influence of web slenderness ratio (hw/t) in the IOF test, 

Figure 3.14 shows that the variations of hwlt almost have no significant effects on 

the values of Fe' Thus, it can be concluded that the web crippling strength of the 

specimens tested under the IOF loading condition is more affected by the applied 

bending moment and parameters such as nIt and rlt than by the web slenderness ratio 

(hw/t). 

If the specimens are tested under the EOF or ETF as well as ITF loading conditions, 

the web crippling strength of the specimens is no longer affected by the bending 

moment and only the influence of the three parameters studied is necessary to be 

found out. In the case of EOF tests, all of the three parameters studied have 

significant effects on the values of web crippling load and this is clearly shown in 

Figures 3.16-3.18. The influence of bearing length ratio (nit) on the values of Fe is 

quite similar to that shown in the IOF tests, that is, the larger values of nIt tend to 

increase the ultimate web crippling loads. The parameters of hw/t and rlt in this type 

of test seem to have a similar effect on the ultimate web crippling loads where it can 

be seen in Figures 3.17 and 3.18, the ultimate web crippling loads will reduce due 

to the increase of the values of hwlt and rlt. 
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The results of ETF and ITF tests plotted in Figures 3.19-3.22 indicate that the web 

crippling strength of the specimens tested under these types of loading is influenced 

by the parameter of nIt only, whereas the effect of the web slenderness ratio (hw/t) 

is also the same as that in the IOF tests. The influence of rlt in these tests is not 

plotted because all specimens tested under these loading conditions had the same 

inside bend radii. Thus, it can be found out from all of the experimental results that 

only two of the three parameters studied in this research program, namely the bearing 

length ratio (nIt) and the inside bend radius ratio (r/t) have significant roles in 

influencing the strength of the specimens subjected to combined actions of web 

crippling and bending as well as web crippling only. The influence of web 

slenderness ratio (hw/t) on the web crippling strength of the specimens depends on 

the loading conditions applied to them, where this parameter will extremely affect the 

web crippling strength of the specimens if they are subjected to the EOF loading 

condition. 

Another important feature of web crippling behaviour also presented in this chapter 

is experimental load-deflection curves,' where these curves will show the different 

behaviour of the specimens tested under each loading condition. Typical examples 

of load-deflection curve for some specimens obtained from experiments are plotted 

in Figures 3.23-3.24. It can be seen in the curves that the maximum values of test 

load attained for specimens tested under the IOF and ITF loading conditions are 

much higher than those for the specimens tested under the EOF and ETF loading 
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conditions. Thus, on the basis of these figures and all of the experimental results 

presented in the tables, it can be concluded that the specimens will be stronger to 

carry the concentrated loads applied far from their free ends instead of carrying the 

concentrated loads applied exactly at their free ends. 

133 



CHAPTER 4 

APPLICATION OF 

BS 5950 PART 5 1987 



CHAPTER 4: APPUCATION OF BS 5950 PART 51981 

4.1. GENERAL. 

BS 5950 Part 5 1987 gives recommendations for the design of structural steelwork 

in buildings and allied structures using cold-formed sections. This design code is 

primarily intended for sections of thickness up to 8 mm. The sections may be either 

open or closed and should be made up of flat elements bounded either by free edges 

or by bends with included angles not exceeding 135° and internal radii not exceeding 

5t where t is the material thickness. The closed sections may be made by means of 

joining together two previously formed open sections by continuous welding 

or 

forming a single flat strip to be a box and continuously welding the 

longitudinal joint. 

This chapter dicusses the application of BS 5950 Part 5 1987 in analysing the 

strength of the specimens under combined web crippling and bending as well as 

under web crippling only. The analysis followed the procedures described in section 

five of BS 5950 Part 5 1987. In order to analyse the strength of the specimens under 

combined web crippling and bending, the specimens were treated as three-point 

loading beams where they were loaded at their mid-spans and supported at both ends. 

The strength of the specimens under web crippling only was predicted using formulae 

given in table 2.2 for single load or reaction near or atfree end as well 

as two opposite loads near or at free end and far from free end. 
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In the case of specimens under combined web crippling and bending, the moment 

capacity of the specimens should also be calculated in the analysis. According to this 

design code that the determination of moment capacity of the sections should be 

based on a limiting compressive stress in the webs and the effective width of the 

compression elements. The thickness of the specimens was also considered in the 

calculation of the section properties. In BS 5950 Part 5 1987, ifthe material thickness 

is up to 3.2 mm, the material can be assumed to be concentrated at the mid-line of 

the section and round corners are replaced by intersections of the flat elements. 

Because the thickness of the specimens was less than 3.2 mm, the idealized cross 

section of the specimens used in the analysis was therefore as shown in Figure 4.1 

(b). 

B 

hw 

(a) Actual cross section. 

If 

_. .~~TRAL hp Do 
I AXIS 
i 
i 

t : 
_I-

I 

(b) Idealized cross section. 

Figure 4.1. Cross section of the specimen. 
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In the above figure : 

B Flange width. 

hw Web height or web depth. 

r Bend radius. 

t Web thickness ( = flange thickness ). 

bp = B - O.St hp = hw + t 

4.2. DETERMINATION OF MOMENT CAPACITY. 

In order to satisfy the procedures of analysis required by BS 5950 Part 5 1987, prior 

to the determination of moment capacity of the sections, the analysis was carried out 

to calculate the limiting stress in the webs and the effective widths of the 

compression elements. If the specimen is subjected to the mid-span loading, the top 

flange will be subjected to a compressive stress while the web and bottom flange will 

be subjected to stress gradient and a tensile stress respectively. By considering the 

effective width of the top flange, the stress distribution carried by the specimen is 

therefore as shown in Figure 4.2. The limiting compressive stress in the web was 

calculated using the following formula : 

Po = [ 1.13 - 0.0019 ~ ~ 0 5 ) . ] Py ••••••••• (4.2.1) 
280 

where: 

Po : The limiting compressive stress in the web ( in N/mm2 or MPa ). 
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D : The overall web depth ( in mm ) or in Figure 4.1 D = hw. 

Y s : The material yield strength ( in N/mm2 or MPa ). 

t : The web thickness ( in mm ). 

Py : The design strength ( in N/mm2 or MPa ) and in this analysis Py was 

the same as the yield strength ( Ys ). 

p 

i 
i + i COMPRESSION + 

:-IEUTRAL AXIS I ··i·_··_··_··_··_··_··_··t· _··_··_··_··_··_··1·_·· 
PI2 ,TENSION P!2 

1/2 1!2 

·1 

Figure 4.2. Stress distribution on the specimen 

under mid-span loading. 

It can be seen in the above figure that the top and bottom flanges are unsti ffened 

elements, because they are supported only along one side of their longitudinal edges 

by the web. From the above figure, the web can be considered as a stiffened element 

because it is longitudinally supported along its both edges by the top and bottom 

flanges. In this analysis, the web and the bottom flanges were assumed to be fully 

effective and the calculation of effective widths was employed for the top flange 

only. The effective width calculation of the top flange followed the procedures 
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described in section four of BS 5950 Part 5 1987. The following figure indicates the 

effective cross section of the specimen used in analysing the moment capacity. 

I: ~ 
~I b e'?l 

I ---l 
~ 

l]J Xl Xl 

J 
-----_ .. 

X X .. _ .. -

Figure 4.3. Effective cross section of the specimen. 

beu Effective width of the top flange. 

Xl - Xl : Neutral axis of the full cross section. 

x -X : Neutral axis of the effective cross section. 

The effective width calculation of the top flange was carried out by using the 

procedure of calculating the effective width of an unstiffened element under uniform 

compression, where its effective width ( bl!u ) was calculated from : 
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b eu = 0.89 b eff + 0.11 bp ••••••••••••••• (4.2.2) 

The compressive stress acting on the effective element ( fe ) was equal to the limiting 

compressive stress in the web ( Po ). 

fe 
For < 0.123 

Per 
. , 1 •••••••• (4.2.3) 

fe 
For ~ 0.123 . , 

Per 

............................ 
fe = Po ' Po was calculated using equation 4.2.1 

Per: the local buckling stress of the element given by : 

(4.2.4) 

Per = 18 5 0 0 0 K ( ~ ) 2 • • • • • • • • • • •• (4. 2 . 5 ) 

where: 

t The top flange thickness = the web thickness. 

b The full width of the top flange = bp• 

K The local buckling coefficient of the top flange and it was obtained 

from 

= 1.28 - 0.8 h - 0.0025 h 2 ••••••••••••• (4.2.6) 
2 + h 

In equation (4.2.6) h is defined as follows: 
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h = b p 

hp 
.................. (4.2.7) 

The value of Per was calculated by using equations (4.2.5), (4.2.6) and (4.2.7). This 

value was then used to calculate the ratio of fe / Per and the value of beff in equation 

(4.2.3) or (4.2.4). Substitution of beff obtained from this calculation into equation 

(4.2.2) gaves the effective width of the top flange ( beu ). 

The position of the neutral axis x-x in Figure 4.2 was calculated from : 

n 

:E Ai' Yi 

Yt = i = 1 n (4 2 8) . . . . . . . . . . . . . . .. 
L Ai 

i - 1 

All moments in this above formula were taken about the bottom flange, so that : 

b au • hp + O. 5 h; () 
Yt = b ..•............ 4.2.9 

b eu + hI' + I' 

y c = hI' - Y t • • • • • • • • • • • • •• ( 4 • 2 • 10) 

The second moment of the effective cross section about the neutral axis x-x 

( Ix ) was obtained from : 

Ix = t [ b eu • Y~ + ~ ( Y~ + Y; ) + b p • Y~] •.•••• (4.2. 11) 

The complete derivation of this fonnula can be seen in appendix B-1. 

The elastic section modulus in : 
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- Compression region Ix 
Zc = •••••••••••• (4.2.12) 

Yc 

- Tension region 
Ye 

............... (4.2.13) 

On the basis of Figure 4.3 and the above formulae, the value of Zc would be less than 

the value of Zt so that Yielding first occured in the compression region. The moment 

capacity ofthe section ( Me ) was therefore calculated using the following expression. 

Mc=Po' Zc •••••••••• (4.2.14) 

4.3. CALCULATION OF ULTIMATE WEB CRIPPLING LOAD. 

The ultimate web crippling load which is meant in this thesis is a maximum 

concentrated load acting on the specimen under combined web crippling and bending 

and under web crippling only. In the case of combined web crippling and bending. 

it is denoted by F CB and this load was calculated using the interaction formula of 

combined bending and web crushing ( or web crippling) available in BS 5950 Part 

5 1987. The fonnula used in the analysis was equation (2.4.1) in subchapter 2.4. 

where P w was calculated by using equation in table 2.2 of subchapter 2.4 for the case 

of load or reaction far from free end. In the case of the loading condition as shown 

in Figure 4.4. the value of applied moment M was therefore equal to Mmax where the 

maximum moment can be expressed as in the following fonnula. 
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~ax 
FCB ( 1 - n ) 

= 
4 

........... (4.3.1) 

Fw was equated to FeB and Me was obtained from equation (4.2.14). Hence, equation 

(2.4.1) can be rewritten as follows : 

1.2 FCB FCB ( 1 - n ) 
+ ~ 1.5 

P.., 4 Me 

FCB [ 4.8 Me + F.., ( 1 - n ) ] 
~ 1.5 

OR 

6 F..,Me 
FCB = (1) ................. (4.3.2) 

4.8 Me + P.., - n 

FeB 

»A, 
ill 
~n~ ~ 

I. .1 

BMD : Bending moment 

.1. 
diagram 

1/2 1/2 

f'cB (I. n) 

Mmax 
4 

Figure 4.4. Three-point loading beam. 
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The following analysis is an example of using BS 5950 Part 5 1987 in predicting the 

ultimate load FCB of the specimen H90-26. Dimensions of the specimen were as 

follows: 

- Web depth hw = 89.95 mm Web thickness = Flange thickness t = 1.10 mm. 

- Flange width B = 42.14 mm ~ Inside bend radius r = 2.25 mm. 

- Web inclination e = 90°. 

A concentrated load was applied at the middle of the specimen through a loading 

block of width n = 50 mm and its both ends were supported at a distance of I = 451 

mm. The yield strength of the material used to manufacture the specimen was equal 

to 303 MPa. 

The first step of performing the analysis is to calculate the limiting compressive 

stress ( Po ) in the web, i.e. : 

Po = [1.13 - 0.0019 . 89.95 . (303)0.5) 303 MPa 
1.10 280 

p o =293.42 MPa 

The second step is to determine the effective width of the top flange. 

bp =(42.14-0.5X1.10) mm=41.59 mm 

hp = ( 89. 95 + 1. 10) mm = 91. 05 mm 

h = !:.E = 41.59 = 0.46 
hp 91.05 

The local buckling coefficient of the top flange : 
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K=1.28- 0.8xO.46 -0.0025xO.46 2 =1.13 
2 + 0.46 

Substitution of K into equation (4.2.5) gives the local buckling stress of the top 

flange ( Per ). 

P = 185000 X 1.13 X ( 1.10 ) 2 MPa 
~ 41.59 

Per = 146.24 MPa 

The compressive stress acting on the top flange : 

f e = Po = 293. 42 MPa 

fc = 293.42 = 2.01 > 0.123 
Per 146.24 

On the basis of this above value, equation (4.2.4) is therefore used to calculate hefr-

b ett = [ 1 + 14 ( 2.010.5 - 0.35 )4 ] -0.2 = 
41.59 

beu = 41.59 X 0.55 mIn = 22.87 mIn 

Thus the effective width of the top flange : 

0.55 

b au = ( O. 89 X 22 • 87 + O. 11 X 41 • 59) mm = 24. 93 mIn 

Refer to Figure 4.3 the position of neutral axiS x-x was calculated by USing 

equations (4.2.10) and (4.2.11). 
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y = 24.93 x91.0s + 0.5 x91.0s2 
e 24.93 + 91.05 + 41.59 

mm= 6414.93 
157.57 

mm 

Y e =40.71 mm . , Ye = ( 91. OS - 40.71) mm = 50.34 mm 

The second moment of the effective cross section about the neutral axis X-X: 

Ix = 216826.34 mm' 

The elastic section modulus in : 

compression region z = 216826.34 mm 3 = 4307.24 mm 3 
e 50.34 

Tension region 216826.34 
ze = 

40.71 
mm 3 = 5326.12 mm 3 

Ze < ~ , Yielding first occured in the compression region and the moment capacity 

of the section ( Me ) : 

Me = 293.42 X 4307.24 Nmm = 1263830.36 Nmm = 1263.83 KNmm 

The concentrated load resistance ( P w ) in the absence of a bending moment as stated 

in equation (4.3.2) is calculated by using the fonnula in table 2.2 of subchapter 2.4 

for the case of load or reaction far from free end, i.e. : 
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N = n = 50 = 45.45 < 60 . K= -EL 303 1.33 - , = -- = 
t t 1.10 228 228 

D h .... = 89.95 = 81. 77 C1 = 1.22 - O. 22xl. 33 = 0.93 = ; 
t t 1.10 

C
2 

= 1. 06 - O. 06x 2.25 = 0.94 
1.10 

C12 = O. 7 + O. 3 x ( 9 0 ) 2 = 1 
90 

p .... = 1.102 X 1.33 x 0.93 x 0.94 x 1 x 

3350 - 4.6xBl.77 ) ( 1 + 0.007x45.45) N 

P .... =5514.21 N=5.51KN 

Substitution of Me and P w into equation (4.3.2) : 

6 x 5514.21 x 1263830.36 
FeB = 4.8 x 1263830.36 + 5514.21 ( 451 - 50 ) 

N 

33085.26 x 1263830.36 N 
FCB = 8277583.94 

FeB = 5051,49 N = ~ KN 

The specimens under combined web crippling and bending were divided into 5 

groups according to their nominal web depths. Their designations were initiated with 

the capital letter ( H ) and followed by their nominal web depths and numbers. The 

ultimate web crippling load of the specimens under web crippling only is denoted by 

Fe and it was predicted using the formulae obtained from table 2.2. i.e. : 
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- Single load or reaction near or at free end (EOF) : 

n/ t ~ 60 : 

Fe = t 2 k C3 C, C12 [1350 - 1.73(h"./t)] [1 + O.Ol(n/t)] 

n/ t > 60 : 

Fc = t 2 k C3 C, C12 [1350 - 1.73(hw!t)] [0.71 + 0.015(n/t)] 

_ Two opposite loads near or at free end (ETF) : 

Fe = t 2 k C3 C4 C12 [1520 - 3.57 (hw/ t)] [1 + 0.01 (n/ t) ] 

- Two opposite loads far from free end (ITF) : 

Fe = t 2 k C1 C2 C12 [4800 - 14 (hw/ t)] [1 + 0.0013 (n/ t) ] 

A computer program was also written for the purpose of using BS 5950 Part 5 1987 

in predicting F CB and Fe of all specimens in this investigation and the program can 

be seen in appendix C. The results of using BS 5950 Part 5 1987 are presented in 

the following tables, where the results for specimens under combined web crippling 

and bending (IOF) consist of 2 series of analysis, The first series are for the analysis 

of web crippling strength of the specimens with the ratio of applied bending moment 

to moment capacity MIMe O!: 0,3, while the second series are for the analysis with 

MIMe < 0,3, 
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4.4. RESULTS. 

4.4.1. SPECIMENS UNDER COMBINED WEB CRIPPLING AND BENDING 

(IOF). 

Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t I Me FCB 

(mm) (KNmm) (KN) 

1 H60-2 27.27 53.42 2.05 300 705.85 4.58 

2 H60-4 27.27 53.42 2.05 300 712.27 4.59 

3 H60-7 27.27 54.25 2.05 300 728.62 4.61 

4 H60-9 27.27 54.22 2.05 300 720.71 4.60 

5 H60-10 27.27 54.00 2.05 300 724.63 4.61 

6 H60-18 31.53 54.86 2.03 300 746.00 4.82 

7 H60-19 31.53 54.06 2.03 300 733.82 4.80 

8 H60-20 31.53 54.52 2.03 300 741.27 4.81 

9 H60-21 31.53 53.65 2.03 300 726.90 4.79 

10 H60-22 31.53 53.95 2.03 300 735.47 4.80 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t I Me FeB 

(mm) (KNmm) (KN) 

11 H60-23 36.04 54.06 2.03 300 733.82 4.91 

12 H60-24 36.04 54.06 2.03 300 733.82 4.91 

13 H60-25 36.04 54.41 2.03 300 739.55 4.92 

14 H60-26 36.04 54.77 2.03 300 745.75 4.93 

15 H60-27 36.04 54.06 2.03 300 735.42 4.92 

16 H60-28 40.54 55.09 2.03 300 749.78 5.05 

17 H60-29 40.54 54.54 2.03 300 741.82 5.04 

18 H60-30 40.54 54.64 2.03 300 743.48 5.04 

19 H60-31 40.54 54.36 2.03 300 738.15 5.03 

20 H60-32 40.54 53.74 2.03 300 729.60 5.02 

21 H60-33 44.64 54.69 2.01 304 763.27 5.24 

22 H60-34 45.05 53.26 2.03 302 723.98 5.12 

23 H60-35 45.05 55.71 2.03 302 760.22 5.18 

149 



CHAPTER., : APPUCATION OF B.~ 5950 P.4RT S 1917 

Table 4.1. SERIES 1 

No. Specimen nIt hw/t r/t I Me FeB 

(mm) (KNmm) (KN) 

24 H60-36 45.05 55.85 2.03 300 761.82 5.19 

25 H60-37 45.05 55.21 2.03 300 751.07 5.17 

26 H70-6 27.27 62.88 2.05 350 868.39 4.58 

27 H70-7 27.27 62.43 2.05 350 860.16 4.57 

28 H70-8 27.27 62.03 2.05 350 853.81 4.56 

29 H70-11 31.53 63.42 2.03 351 895.30 4.78 

30 H70-12 31.53 63.22 2.03 351 890.27 4.77 

31 H70-13 31.53 63.14 2.03 351 888.58 4.77 

32 H70-14 31.53 63.79 2.03 350 901.35 4.79 

33 H70-15 31.53 62.95 2.03 351 888.78 4.77 

34 H70-18 36.04 63.68 2.03 352 897.87 4.89 

35 H70-19 36.04 63.33 2.03 352 893.42 4.88 

36 H70-20 36.04 63.47 2.03 351 891.98 4.89 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t 1 Me FeB 

(mm) (KNmm) (KN) 

37 H70-21 40.54 63.51 2.03 350 894.09 5.00 

38 H70-23 40.54 63.90 2.03 350 900.17 5.01 

39 H70-24 40.54 63.51 2.03 350 895.34 5.01 

40 H70-30 40.54 63.22 2.03 350 890.45 5.00 

41 H70-25 45.05 63.13 2.03 350 888.88 5.11 

42 H70-26 45.05 63.22 2.03 350 893.53 5.12 

43 H70-27 45.05 62.76 2.03 350 884.41 5.10 

44 H70-28 45.05 63.13 2.03 350 890.87 5.11 

45 H70-29 45.05 63.56 2.03 350 896.44 5.12 

46 HSO-9 27.27 72.26 2.05 398 1086.95 4.64 

47 HSO-IO 27.27 72.47 2.05 398 1092.60 4.64 

48 H80-11 27.03 72.55 2.03 402 1118.33 4.72 

49 HSO-12 27.03 72.67 2.03 402 1118.98 4.72 
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Table 4.1. SERIES 1 

No. Specimen nIt hw/t r/t 1 Me FeB 

(mm) (KNmm) (KN) 

50 H80-13 27.03 73.26 2.03 402 1127.53 4.73 

51 HSO-14 31.53 72.00 2.03 402 1109.73 4.82 

52 HSO-15 31.53 72.11 2.03 402 1108.92 4.82 

53 HSO-16 31.53 71.94 2.03 402 1107.20 4.82 

54 HSO-17 36.04 72.23 2.03 .402 1112.93 4.93 

55 HSO-18 36.04 71.82 2.03 402 1103.99 4.92 

56 HSO-30 36.04 72.28 2.03 402 1112.85 4.93 

57 HSO-19 35.71 71.79 2.01 402 1131.57 5.02 

58 HSO-31 36.04 71.89 2.03 402 1106.59 4.93 

59 H80-20 40.54 72.16 2.03 402 1110.43 5.04 

60 H80-21 40.54 73.04 2.03 402 1126.76 5.05 

61 HSO-22 40.54 71.68 2.03 402 1100.70 5.03 

62 H80-23 40.54 72.96 2.03 403 1122.50 5.05 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t I Me FeB 

(mm) (KNmm) (KN) 

63 H80-24 40.54 72.71 2.03 402 1120.12 5.05 

64 H80-25 45.05 72.85 2.03 402 1119.43 5.16 

65 H80-26 44.64 71.82 2.01 402 1132.10 5.24 

66 H80-27 45.05 72.10 2.03 402 1107.78 5.15 

67 H80-28 45.05 71.00 2.03 402 1086.77 5.12 

68 H80-29 45.05 72.59 2.03 402 1118.50 5.16 

69 H90-10 27.27 80.78 2.05 453 1252.66 4.60 

70 H90-11 27.27 80.69 2.05 453 1248.16 4.59 

71 H90-12 27.27 81.59 2.05 450 1264.55 4.61 

72 H90-13 27.03 81.64 2.03 450 1296.08 4.70 

73 H90-14 30.00 88.98 2.25 451 1079.53 3.81 

74 H90-15 35.00 88.98 2.25 451 1079.53 3.91 

75 H90-16 31.53 82.25 2.03 451 1311.30 4.82 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t I Me FC'B 

(mm) (KNmm) (KN) 

76 H90-17 31.53 81.00 2.03 451 1283.18 4.80 

77 H90-18 36.04 81.52 2.03 451 1289.95 4.91 

78 H90-19 35.71 80.10 2.01 451 1299.07 4.99 

79 H90-20 36.36 81.82 2.05 451 1268.84 4.82 

80 H90-21 40.54 81.32 2.03 451 1287.40 5.01 

81 H90-22 40.18 80.09 2.01 451 1300.75 5.10 

82 H90-23 40.54 81.32 2.03 450 1288.20 5.02 

83 H90-24 45.45 89.57 2.27 451 1059.14 4.02 

84 H90-25 40.54 81.18 2.03 451 1288.67 5.02 

85 H90-26 45.45 81.77 2.05 451 1267.96 5.03 

86 H90-27 45.05 81.45 2.03 451 1294.67 5.13 

87 H90-28 45.05 81.27 2.03 451 1290.16 5.12 

88 H90-29 44.64 79.96 2.01 451 1295.36 5.20 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t I Me FeB 

(mm) (KNmm) (KN) 

89 H90-30 45.05 81.43 2.03 451 1290.84 5.12 

90 HI00-1 30.00 99.35 2.25 500 1250.27 3.83 

91 HI00-2 30.00 99.96 2.25 501 1259.86 3.83 

92 HI00-3 30.00 98.97 2.25 502 1244.93 3.82 

93 HI00-4 30.30 102.09 2.27 501 1253.67 3.76 

94 HI00-5 30.30 101.29 2.27 502 1245.42 3.75 

95 HI00-6 35.35 101.53 2.27 501 1244.20 3.85 

96 HI00-7 35.71 102.58 2.30 501 1225.14 3.77 

97 HI00-8 35.00 99.90 2.25 501 1258.91 3.92 

98 HI00-9 35.00 99.60 2.25 502 1254.20 3.92 

99 HIOO-IO 35.00 99.90 2.25 501 1258.91 3.92 

100 HIOO-ll 40.00 99.60 2.25 502 1255.64 4.01 

101 HI00-12 40.00 98.51 2.25 502 1238.52 4.00 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t r/t I Me FCB 

(mm) (KNmm) (KN) 

102 HI00-13 40.00 99.75 2.25 502 1258.63 4.02 

103 HI00-14 40.00 99.60 2.25 502 1256.27 4.01 

104 HIOO-IS 40.82 101.81 2.30 502 1218.48 3.86 

105 HI00-16 45.00 98.77 2.25 502 1244.34 4.10 

106 HIOO-17 45.00 100.08 2.25 502 1259.97 4.11 

107 HI00-18 45.00 100.26 2.25 502 1263.75 4.11 

108 HI00-19 45.45 102.32 2.27 501 1254.74 4.04 

109 HI00-20 45.45 100.39 2.27 503 1232.89 4.02 

110 HI00-21 50.00 99.52 2.25 503 1253.76 4.20 

111 HI00-22 50.51 101.39 2.27 502 1248.22 4.13 

112 HIOO-23 50.00 100.11 2.25 502 1262.22 4.20 

113 HI00-24 51.02 102.48 2.30 502 1227.23 4.04 

114 HI00-25 50.00 100.24 2.25 502 1263.44 4.20 
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Table 4.1. SERIES 1 

No. Specimen nit hw/t Tit I Me FeB 

(mm) (KNmm) (KN) 

115 HI00-52 30.00 101.33 2.25 500 1313.28 3.95 

116 HI00-53 30.61 104.89 2.30 500 1295.70 3.80 

117 HI00-54 30.00 100.52 3.25 500 1310.54 3.75 

118 HI00-55 30.00 99.39 3.25 500 1289.10 3.74 

119 HI00-56 30.61 100.82 4.34 500 1252.13 3.39 

120 HI00-57 30.93 101.87 4.38 500 1231.01 3.32 

121 HI00-58 40.40 103.56 2.27 500 1312.61 4.07 

122 HI00-59 40.82 105.44 2.30 500 1301.60 3.99 

123 HI00-60 40.40 100.61 3.28 500 1276.60 3.85 

124 HI00-61 41.67 104.04 3.39 500 1223.56 3.62 

125 HI00-62 40.00 99.36 4.25 500 1294.97 3.72 

126 HI00-63 40.40 99.01 4.29 500 1255.96 3.63 

127 HI 00-64 50.51 103.29 2.27 500 1306.32 4.25 
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Table 4.1. SERIES 1 

No. Specimen nIt hw/t r/t I Me FCB 

(mm) (KNmm) (KN) 

128 HI00-65 51.55 106.25 2.32 500 1279.97 4.10 

129 HI00-66 49.50 98.95 2.23 500 1320.86 4.41 

130 HIOO-67 50.51 100.42 3.28 500 1274.50 4.03 

131 HI00-68 49.50 97.40 4.21 500 1301.57 3.97 

132 HI00-69 50.00 98.00 4.25 500 1277.18 3.89 

Table 4.2. SERIES 2 

No. Specimen nIt hw/t r/t I Me FCB 

(mm) (KNmm) (KN) 

1 H60-6 40.40 60.59 3.79 175 621.24 4.23 

2 H60-8 40.00 59.62 3.50 176 628.31 4.38 

3 H60-11 40.00 60.26 3.25 176 631.41 4.45 
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Table 4.2. SERIES 2 

No. Specimen nit hw/t fit I Me FCB 

(mm) (KNmm) (KN) 

4 H60-12 51.02 60.33 3.32 177 604.12 4.51 

5 H60-38 50.00 61.12 3.75 177 644.93 4.57 

6 H60-39 50.00 59.40 3.50 175 622.90 4.64 

7 H80-35 40.40 80.61 3.79 230 886.10 4.13 

8 H80-36 40.00 80.20 3.75 230 906.54 4.22 

9 HSO-37 40.00 79.48 3.75 230 898.25 4.22 

10 H80-32 30.00 80.52 3.50 230 906.56 4.05 

11 H80-33 30.00 79.00 3.75 230 891.24 3.99 

12 H80-34 30.00 80.00 3.75 230 901.55 3.99 

13 HlOO-28 30.30 101.01 4.04 300 1178.65 3.74 

14 HI00-29 40.00 99.58 4.00 300 1188.64 4.03 

15 HI00-30 40.00 99.98 4.00 300 1194.15 4.03 

16 HI00-31 40.00 101.94 4.00 300 1220.17 4.03 
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Table 4.2. SERIES 2 

No. Specimen nit hw/t r/t 1 Me FeB 

(mm) (KNmm) (KN) 

17 HlOO-32 50.51 101.94 4.04 300 1188.78 4.15 

18 HIOO-33 50.00 99.78 4.00 300 1190.42 4.24 

19 HI00-34 50.00 99.80 4.00 300 1201.74 4.24 

20 HI00-36 30.00 101.88 2.25 300 1246.78 4.35 

21 HIOO-37 30.30 99.41 3.28 300 1188.11 4.02 

22 HI00-41 39.60 100.97 2.23 300 1269.37 4.68 

23 HIOO-42 40.40 103.05 2.27 300 1230.48 4.49 

24 HI 00-44 39.60 98.63 3.22 300 1243.35 4.42 

25 HIOO-47 50.51 102.40 2.27 300 1223.31 4.73 

26 HI 00-49 50.50 100.83 3.28 300 1212.16 4.47 

27 HI00-50 50.00 98.00 4.25 300 1210.56 4.29 
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4.4.2. SPECIMENS UNDER WEB CRIPPLING ONLY (EOF, ETF AND ITF). 

Table 4.3. SERIES 3 (EOF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 S 100-1 30.00 99.36 4.00 1.00 

2 S 100-2 30.30 100.93 4.04 0.97 

3 S100-3 30.30 10l.03 4.04 0.97 

4 S 100-4 40.40 101.84 4.04 1.05 

5 S100-5 40.40 101.93 4.04 1.05 

6 S100-6 40.00 101.14 4.00 1.08 

7 S 100-7 50.00 100.00 4.00 1.16 

8 S100-8 50.00 100.16 4.00 1.16 

9 S 100-9 50.00 99.28 4.00 1.16 

10 S80-1 30.00 79.68 3.75 1.10 

11 S80-2 30.00 80.00 3.75 1.10 

12 S80-3 30.00 80.20 3.75 1.10 
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Table 4.3. SERIES 3 (EOF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

13 S80-4 40.00 79.58 3.75 1.19 

14 S80-5 40.00 80.00 3.75 1.19 

15 S80-6 40.82 83.65 3.83 1.12 

16 S80-7 50.00 79.00 3.75 1.28 

17 S80-8 50.00 79.50 3.75 1.27 

18 S80-9 50.00 79.50 3.75 1.27 

19 S60-1 30.30 60.40 3.54 1.18 

20 S60-2 30.30 60.00 3.54 1.18 

21 S60-3 30.00 59.68 3.50 1.21 

22 S60-4 40.00 59.78 3.50 1.30 

23 S60-5 40.00 59.70 3.50 1.30 

24 S60-6 40.00 59.38 3.50 1.30 

25 S60-7 50.00 60.00 3.50 1.39 

26 S60-8 50.00 59.50 3.50 1.39 
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Table 4.4. SERIES 4 (ETF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 H4-1 27.03 64.29 1.80 2.19 

2 H4-2 27.27 65.09 2.05 2.06 

3 H4-3 27.03 64.94 1.80 2.18 

4 H4-4 36.36 65.56 1.82 2.29 

5 H4-5 36.04 65.21 1.80 2.34 

6 H4-6 36.70 66.29 1.83 2.24 

7 H4-7 45.87 66.09 2.06 2.30 

8 H4-8 45.87 66.26 2.06 2.30 

9 H4-9 45.87 65.39 2.06 2.31 

10 HS-l 27.27 93.64 2.0S 1.89 

11 HS-2 27.27 92.62 2.05 1.90 

12 H5-3 27.03 91.73 2.03 1.94 

13 H5-4 36.04 91.50 2.03 2.08 

14 c H5-5 36.04 91.68 2.03 2.08 
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Table 4.4. SERIES 4 (ETF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

15 H5-6 36.36 92.56 2.05 2.04 

16 H5-7 45.45 93.55 2.05 2.17 

17 H5-8 45.45 93.18 2.05 2.17 

18 H5-9 45.05 92.07 2.03 2.22 

Table 4.5. SERIES 5 (ITF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 H6-1 27.03 64.34 1.80 6.15 

2 H6-2 27.03 64.14 1.80 6.16 

3 H6-3 26.79 63.02 1.79 6.30 

4 H6-4 36.04 64.07 1.80 6.23 

5 H6-5 36.04 64.16 1.80 6.23 

6 H6-6 36.04 63.68 1.80 6.24 
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Table 4.5. SERIES 5 (ITF) 

No. Specimen nit hw/t r/t Fe 

- (KN) 

7 H6-7 44.64 63.48 1.79 6.43 

8 H6-8 45.05 64.25 1.80 6.29 

9 H6-9 45.05 65.93 1.80 6.30 

10 H7-1 27.27 92.40 1.82 5.43 

11 H7-2 27.03 91.82 1.79 5.55 

12 H7-3 27.03 92.41 1.80 5.53 

13 H7-4 35.71 90.63 1.79 5.74 

14 H7-5 36.04 91.51 1.80 5.62 

15 H7-6 36.36 92.24 1.82 5.50 

16 H7-7 45.05 91.98 1.80 5.67 

17 H7-8 45.45 92.75 1.82 5.55 

18 H7-9 45.45 92.58 1.82 5.55 
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CHAPTER S: APPUCATION OF EUROPEAN RECOMMEND.UlON.~ 1981 

5.1. GENERAL. 

This chapter discusses the application of the EUROPEAN RECOMMENDATIONS 

for the design of light gauge steel members, 1987, in analysing the web crippling 

strength of the specimens. These recommendations are also concerned with structural 

members and frames for buildings and civil engineering and related structures which 

are cold-formed by processes such as cold-rolling or press-braking. The 

Recommendations give methods of design by calculation or testing for the load­

bearing capacity and service ability of elements and their connections under mainly 

static loads. Methods of analysing the web crippling strength of the specimens are 

explained in R4 of this Recommendation. The procedures involved in using the 

European Recommendations for analysing the web crippling strength of the 

specimens are generally similar to those of using BS 5950 Part 5 1987. 

The calculation of the section properties of the specimens In the European 

Recommendations is also based on the effective cross sections determined by rules 

given in R3 of the Recommendations. The cross section of the specimen used in this 

analysis was still in the form of an idealized cross section as shown in Figure 4.1, 

because according to the European Recommendations the cross section may be 

assumed to be concentrated at the centre line and the round comer may be ignored, 

i.e. a cross section may be assumed to be made up of flat elements with sharp 

corners. The Recomendations permit one to use this assumption when the inner 
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corner radius r :s 5t and rlbp < 0.15, where t and bp are as defined in Figure 4.1. The 

moment capacity in this Recommendation is termed the design strength with respect 

to bending moment and its determination should also be based on the effective cross 

section. Md is used by The European Recommendations to represent the design 

strength with respect to bending moment. 

5.2. DETERMINATION OF THE DESIGN STRENGTH WITH RESPECT TO 

BENDING MOMENT. 

Before determining the design strength with respect to bending moment, the analysis 

was first carried out to calculate the effective width of compression elements. In The 

European Recommendations, the effect of shear lag should also be considered in 

calculating the effective width for flexural members with short spans and this can be 

carried out according to the clause in R4.3, i.e. : 

" In flexural members for which the ratio lib is less than 20, the effective area of 

either tension or compression flange is to be reduced due to the effect of shear 

lag. " 

In this above clause I is the span length and b is the full width of the flange. 

Methods of determining the effect of shear lag in R4.3 can be used for stiffened and 

unstiffened elements. In the case of unstiffened elements such as the top and bottom 

flanges of the specimens used in this research program, the reduced effective width 
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due to the effect of shear lag is formulated as follows : 

- Unstiffened flange in compression: 

ber = "'~ p b p • • • • • • • • • • • • • •• (5.2.1) 

- Unstiffened flange in tension: 

ber = "'~ b p ••••••• 0 0 0 0 0 0 0 0 0 0 0 (5.2.2) 

Where: 

b : reduced effective width. I!f 

b
p 

: flat width of the top or bottom flange (see Figure 4.1). 

"!'s/ : 0.85 ""s 

""8 : reduction coefficient accounting for shear lag and it is obtainable from 

Figure 5.2, where curve 1 in this figure is to be used for midspan and curve 

2 is to be used for support and in the region of a point load. 

p : reduction coefficient accounting for local buckling. 

According to R3 of this Recommendations, the value of p for stiffened and 

unstiffened flanges may be obtained from: 

p :: 

p = 1 . 
I when A.p ~ 0.673 •• 0 0 • • • • • • •• (5.2.3) 

( 1 _ 0.22) 
Ap . 

I when A.p > 0.673 .0 ••• 0 ••••• 0 (5.2.4) 

Ap is a slenderness parameter and in the case of unstiffened elements under 

compression, the expression of Ap can be derived by using the rules given in R3.3, 
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I.e. : 

,J!;,wM":';;W&¥-@#§}1 

Figure 5.1. Unstiffened element under non uniform compression. 

Case Ia 'I = O. 7 5 b p I ( 3 + '" ) f ty 
hp t \J E •••••••• (5.2.5) 

Case IIa A. = 0.75 b p 
; t 

I ( 1 + 3111 ) fey \J E ••••••• (5.2.6) 

It can be seen in Figure 4.2 that the top flange of the specimen is subjected to 

uniform compression, so that the value of 'tV used in this analysis must be equal to 

1. Substitution of 'l' = 1 into equations (5.2.5) and (5.2.6) gives: 

'I _ 0.75 b; ~ 
hp - t ~ ~ ............ (5.2.7) 

In order to account for the effect of shear lag, fty should be replaced by 'l's' fty so that 

equation (5.2.7) becomes: 
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or 

........... (5.2.8) 

where : 

E : Modulus of elasticity. 

flY : Design yield stress. 

fty = fyb ( tensile yield stress of the basic material ). 

Equation (5.2.8) should be used together with either equation (5.2.3) or (5.2.4) in 

analysing the effective width of un stiffened elements of flexural members with short 

spans ( lib < 20 ). If the ratio of lib ~ 20, the effective width of the un stiffened 

elements will be : 

Compression elements b sf = P b p • • • •• (5.2.9 ) 

Tension elements: b Sf = bp (fully effective) .. (5.2.10) 

On the basis of an example of detennining the effective cross section of a thin-walled 

flexural members as shown in Figure 2.50, the analysis of effective widths of the 

specimens used in this research program was therefore carried out only for their top 

flanges and compression portions of their webs ( see Figure 5.4 ), whereas their 

bottom flanges were still fully effective. 
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t,o r-,--::::::;:===r=--:--7'l 

',' ~---+-,---+---:~----~---1 

.' ~--J. ____ _ 

1/ 
.%~---

,oo~----'~---.--~n---~"----~L/D 

Figure 5.2. Reduction coefficient 'Vs' 

Figure 4.2 also shows that the web of the specimen is a stiffened element and 

subjected to stress gradient. The analysis of the effective width of this element should 

still be based on the rules given in R3.2, i.e, : 

Figure 5.3. Stiffened element under stress gradient. 
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. 
I b etn = 1.5 b etl .•••• (5.2.11) 

Reduction coefficient accounting for local buckling p is still determined from either 

equation (5.2.3) or (5.2.4), but the slenderness parameter (A.p) is calculated from: 

_ 1.052 bp Nity A.p - -- ....... (5.2.12) 
t E Ko 

where : 

Ko = [ ( ( 1 - 'II ) ]2,' when - 0.5<"'<0 .. (5.2.13) o .362 - 0.103 ljr ) 't' 

or 

Ko = 5.85 ( 1 - 'II ) 2 ; when ljr ~ - 0.5 ....•.••• (5.2. 14) 

According to R4.2 that .. In order to avoid an iterative procedure, the 

effective portions of the web may be based on 'V obtained by assuming 

the compresslonjlange reduced but the web being fully effective" and on 

the basis of Figure 2.50, the determination of the effective cross section of the 

specimen was carried out by using Figure 5.4. From Figure 5.4 (a), the initial position 

of the neutral axis Xl-Xl: 

.•.......• (5.2.15) 

hl = hI' - h2 .•••.••••• ( 5 . 2 . 16 ) 
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where : 

bef : effective width of the top flange. 

hp : height of the web. 

1 
For b < 20 , 

w 
(a) (b) 

Figure 5.4. Determination of effective cross section of the specimen. 

By examining the stress gradient in Figure 5.4 (a), the value of", was obtained from 

the following relationship. 

. , 
'" = 

h2 
h 

........ (5.2.17) 
1 

The value of'l' obtained from equation (5.2.17) was then used with equations (5.2.13) 

or (5.2.14) and (5.2.12) for calculating ben and bern from equation (5.2.11), where be 
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= hi so that the equation can be rewritten as follows : 

i 

The final position of the neutral axis X-X : 

= bet hI' + betl hI' - O. 5b!tl + b etn h2 + o. 5b!tn + O. 5h; 
Yt b er + betl + b etn + h2 + b p 

................ (5.2.18) 

Yc = hI' - Ye • • • • • • • • • • • •• (5.2.19 ) 

The complete derivation of equation (5.2.18) can be seen in appendix B-2. The 

second moment of the effective cross section about the neutral axis x-x ( Ix ) : 

........................... (5.2.20) 

The derivation of the above formula is presented in appendix B-3. When yielding 

first occurs in the compression edge of the web, the section modulus in the 

compression region may be formulated as follows: 

Ix 
= ••••••••••••• (5.2.21) 

Ye 

The design strength with respect to bending moment ( Md ) can be calculated from: 

Md = fey were •• • • • • • . • • • • •• (5.2.22) 

In equations (5.2.18) and (5.2.20), the value of ber = 0.85 'VsP bp for lib < 20 and bd 

= P bp for lib ~ 20. 
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5.3. CALCULATION OF ULTIMATE WEB CRIPPLING LOAD. 

In these Recommendations, the calculation of the ultimate web crippling load of 

specimens under combined web crippling and bending (FCB ) can be carried out by 

using equation (2.4.9) or (2.4.10) in subchapter 2.4. It can also be concluded from 

these equations that the strength of web in equation (2.4.9) is more affected by 

bending moment M only while in equation (2.4.10) it is affected by interactions of 

bending moment M and concentrated load R. Because one of the main objectives of 

this research program was aimed at predicting the strength of beams under combined 

concentrated load and bending moment, the equation (2.4.10) was therefore used to 

calculate ultimate web crippling loads of all specimens under combined web crippling 

and bending and the symbol of concentrated load R in the equation was replaced by 

FeB' By setting M in the equation (2.4.10) with ~ax as indicated in Figure 4.4, the 

formula for predicting FeB can be derived as follows: 

FCB ( 1 - n ) 
+ 

F CB [ Rd ( 1 - n) + 4 Md ] 
~ 1.25 

.................... (5.3.1) 

In using the above formula for predicting the ultimate web crippling load FCB' the 

design strength with respect to web crippling only Rd was calculated from equation 
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(2.4.6). 

An example of using The European Recommendations - 1987 is the analysis of the 

previous problem (specimen H90-26). In using this recommendation, the modulus of 

elasticity E should also be included in the analysis and for this specimen the value 

of E was equal to 196850 MPa. The ratio of lib = 451/42.14 = 10.70 < 20, the 

specimen was therefore considered as a flexural member with a short span and 

according to R4.3, the effect of shear lag should be considered in calculating the 

effective width of either the top or bottom flange. In this analysis, the effective width 

of the top flange was chosen to be reduced due to the effect of shear lag. 

'" Calculation of the effective width of the top flange : 

The top flange is an unstiffened element in compression and the calculation of its 

effective width is carried out as follows : 

V~ = O. 85 1jr s 

where Va = 0.956 ( estimated using Figure 5.2 

The slenderness parameter ( Ap ) for the top flange is obtained from : 

J. = 0.7Sx41.S9 
p 1.10 

3.4 x 0.956 x 303 
196850 

J.p = 2.01 > 0.673 

On the basis of the above value, the reduction coefficient accounting for local 
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buckling is calculated by using equation (5.2.4), so that the coefficient of local 

buckling for the top flange is : 

p = 
( 1 _ 0.22 

2.01 
2.01 

= 0.443 

Substitution of p and 'tVs' into equation (5.2.1) gives the effective width of the top 

hef = ( 0.850 x 0.956 x 0.443 x 41.59 ) mm = 14.97 mm 

* Calculation of the effective width of the compressive portion of the web : 

The web of the specimen was subjected to stress gradient and the effective width of 

its compressive portion should be determined according to R4.2 and Figure 5.4. The 

initial position of the neutral axis Xl-Xl of the specimen H90-26 is calculated from 

equations (5.2.15) and (5.2.16) : 

14.97 x91.05 + 91~052 

14.97 + 91.05 + 41.59 
mm = 5508.07 mm=37.32mm 

147.61 

hl = 91 • 05 - 37 • 3 2 ) mm = 53. 7 3 mm 

til = 37 .32 = _ 0.69 < - 0.5 
53.73 

K" is calculated using equation (5.2.14) : 
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Ko = 5. 85 ( 1 + O. 6 9 ) 2 = 16. 7 1 

l = 1.052 x 41.59 I -303 = 0.38 < 0.673 
p 1.10 "J 196850 x 16.71 

Thus the reduction coefficient accounting for local buckling in the web is obtained 

from equation (5.2.3), i.e. : 

p = 1 

The effective width of the compressive portion of the web : 

b etl = 0.4 xl Xhl = 0.4 x 1 x 53.73 mm= 21.49 mm 

b efn = 0.6 x 1 x hl = 0.6 x 53.73 mm = 32.24 mm 

The bottom flange is still fully effective and the final position of the neutral axis X-X 

becomes: 

14 . 97 x91 . 05 + 21. 49 x91 . 05 y = 
c 14.97 + 21.49 + 32.24 + 37.32 + 41.59 

0.5x21.49 2 + 32.24x37.32 + 0.5x(32.24 2 + 37.32 2 ) 

14.97 + 21.49 + 32.24 + 37.32 + 41.59 

Yc= 5508.07 =37.32mm; Yc= (91.05-37.32) mm=53.73mn 
147.61 

The second moment of the effective cross section about the neutral axis X-X: 

I = 1.10 x [53.73 2x14.97 + 21.49
3
+(32.24+37.32-37.32)3 

x 3 

+ 37.32
3 

+ 37.32 2x41.59] = 146242.32 mm 4 

3 

178 



CH.4PTER S : APPUCATION OF EUROPEAN RECOMMENDATIONS 1987 

The elastic section modulus in compression region : 

146242.32 mrn 3 = 2721.80 mrn 3 

53.73 

Hence, the design strength with respect to bending moment (Md) : 

Md = 303 x 2721.80 Nmm = 824705.40 Nmrn = 824.71 KNmrn 

The web crippling load of the specimen H90-26 is obtained from equation (5.3.1), 

but before doing that the design strength with respect to crippling Rd is first 

calculated using equation (2.4.6), i.e. : 

Rd = 0.114 t 2 Jf ty E (1 - O. 1 ~ ~) { 0 • 5 + ~ 
x (2.4 + (~)2) 

90 

Rd = 0.114 X 1.102 J303 x 196850 (1 - 0.1 12.25) 
~ 1:10 

x (0.5 + 0.02 x 50) (2.4 + 1) 
1.10 

Rd = 4150.29 N = 4.15 KN 

The ultimate web crippling load F CB : 

1.25 x 824705.40 x 4510.29 x 4 N 
FCB = 4510.29 (451-50) + 4 x 824705.40 

FCB = 4649575648 x 4 N = 3641.41 N = ~ KN 
5107447.89 

In the case of specimens under web crippling only, the ultimate web crippling l~ads 

(Fc) were predicted by using equation (2.4.5) for EOF and ETF loading conditions 
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and equation (2.4.6) for ITF loading condition.The application of The European 

Recommendations - 1987 for predicting the ultimate web crippling loads of all 

specimens was also performed using a computer program and the program can be 

seen in appendix D. Estimated results of FeB and Fe for all specimens are presented 

in the following tables. 

5.4. RESULTS. 

5.4.1. SPECIMENS UNDER COMBINED WEB CRIPPLING AND BENDING 

(IOF). 

Table 5.1. SERIES 1 

No. Specimen nIt hw/t rlt 1 Md FeB 

(mm) (KNmm) (KN) 

1 H60-2 27.27 53.42 2.05 300 442.90 3.03 

2 H60-4 27.27 53.42 2.05 300 446.40 3.04 

3 H60-7 27.27 54.25 2.05 300 456.91 3.06 

4 H60-9 27.27 54.23 2.05 300 452.58 3.05 

5 H60-10 27.27 54.00 2.05 300 454.25 3.06 
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Table 5.1. SERIES 1 

No. Specimen nit hw/t r/t 1 Md FCB 

(mm) (KNmm) (KN) 

6 H60-18 31.53 54.86 2.03 300 469.32 3.24 

7 H60-19 31.53 54.06 2.03 300 461.05 3.22 

8 H60-20 31.53 54.52 2.03 300 466.04 3.23 

9 H60-21 31.53 53.65 2.03 300 456.44 3.21 

10 H60-22 31.53 53.95 2.03 300 461.70 3.22 

11 H60-23 36.04 54.06 2.03 300 461.05 3.33 

12 H60-24 36.04 54.06 2.03 300 461.05 3.33 

13 H60-25 36.04 54.41 2.03 300 464.86 3.34 

14 H60-26 36.04 54.77 2.03 300 468.99 3.35 

15 H60-27 36.04 54.06 2.03 300 461.91 3.33 

16 H60-28 40.54 55.09 2.03 300 471.85 3.46 

17 H60-29 40.54 54.54 2.03 300 466.37 3.45 

18 H60-30 40.54 54.64 2.03 300 467.48 3.45 
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Table 5.1. SERIES 1 

No. Specimen nit hw/t r/t I Md FeB 

(mm) (KNmm) (KN) 

19 H60-31 40.54 54.36 2.03 300 464.01 3.44 

20 H60-32 40.54 53.74 2.03 300 458.09 3.43 

21 H60-33 44.64 54.71 2.01 304 480.30 3.62 

22 H60-34 45.05 53.26 2.03 302 454.08 3.51 

23 H60-35 45.05 55.71 2.03 302 478.83 3.58 

24 H60-36 45.05 55.67 2.03 300 477.96 3.58 

25 H60-37 45.05 55.21 2.03 300 472.80 3.57 

26 H70-6 27.03 62.35 2.03 350 562.22 3.14 

27 H70-7 27.27 62.46 2.05 350 549.12 3.08 

28 H70-8 27.27 62.46 2.05 350 549.12 3.08 

29 H70-11 31.53 63.42 2.03 351 572.55 3.27 

30 H70-12 31.53 63.22 2.03 351 569.31 3.26 

31 H70-13 31.53 63.14 2.03 351 568.21 3.26 
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Table 5.1. SERIES 1 

No. Specimen nIt hw/t r/t 1 Md FeB 

(mm) (KNmm) (KN) 

32 H70-14 31.53 63.79 2.03 350 576.79 3.28 

33 H70-15 31.53 62.95 2.03 351 567.79 3.26 

34 H70-18 36.04 63.68 2.03 352 574.61 3.38 

35 H70-19 36.04 63.33 2.03 352 571.31 3.37 

36 H70-20 36.04 63.47 2.03 351 570.91 3.37 

37 H70-21 40.54 63.51 2.03 350 572.16 3.48 

38 H70-23 40.54 63.90 2.03 350 576.46 3.49 

39 H70-24 40.54 63.51 2.03 350 572.82 3.48 

40 H70-30 40.54 63.22 2.03 350 569.41 3.48 

41 H70-25 45.05 63.13 2.03 350 568.32 3.57 

42 H70-26 45.05 63.22 2.03 350 571.05 3.58 

43 H70-27 45.05 62.76 2.03 350 564.95 3.56 

44 H70-28 45.05 63.13 2.03 350 569.39 3.57 
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Table 5.1. SERIES 1 

No. Specimen nIt hw/t fIt 1 Md FeB 

(mm) (KNmm) (KN) 

45 H70-29 45.05 63.56 2.03 350 573.53 3.58 

46 H80-9 27.27 72.30 2.05 398 693.64 3.18 

47 H80-10 27.27 72.51 2.05 398 697.13 3.19 

48 H80-11 27.03 72.55 2.03 402 714.30 3.24 

49 H80-12 27.03 72.67 2.03 402 715.15 3.24 

50 HSO-13 27.03 73.26 2.03 402 721.83 3.25 

51 H80-14 31.53 72.00 2.03 402 707.79 3.34 

52 H80-15 31.53 72.12 2.03 402 708.00 3.34 

53 H80-16 31.53 71.94 2.03 402 706.36 3.34 

54 HSO-17 36.04 72.23 2.03 402 710.36 3.46 

55 HSO-18 36.04 7l.82 2.03 402 704.36 3.44 

56 H80-19 36.04 72.44 2.03 402 712.72 3.46 

57 HSO-30 36.04 72.28 2.03 402 710.54 3.46 

184 



CHAPTER S: APPUCA.TION OF ElIROP£W RECOMMENDA.TIONS 1987 

Table 5.1. SERIES 1 

No. Specimen nit hw/t r/t 1 Md FeB 

(mm) (KNmm) (KN) 

5S HSO-31 36.04 71.89 2.03 402 705.S7 3.45 

59 H80-20 40.54 72.16 2.03 402 708.S9 3.55 

60 HSO-21 40.54 73.04 2.03 402 720.43 3.58 

61 HSO-22 40.54 71.68 2.03 402 702.24 3.54 

62 HSO-23 40.54 72.96 2.03 403 718.15 3.57 

63 HSO-24 40.54 72.71 2.03 402 715.88 3.57 

64 H80-25 45.05 72.85 2.03 402 716.19 3.67 

65 H80-26 44.64 71.82 2.01 402 722.68 3.71 

66 HSO-27 45.05 72.10 2.03 402 707.39 3.65 

67 H80-28 45.05 71.00 2.03 402 692.75 3.62 

68 HSO-29 45.05 72.59 2.03 402 714.59 3.66 

69 H90-10 27.27 SO.78 2.05 453 811.89 3.20 

70 H90-11 27.27 SO.69 2.05 453 809.39 3.20 
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Table 5.1. SERIES 1 

No. Specimen nIt hw/t r/t 1 Md FeB 

(mm) (KNmm) (KN) 

71 H90-12 27.27 81.59 2.05 450 820.97 3.22 

72 H90-13 27.03 81.64 2.03 450 842.32 3.28 

73 H90-14 30.00 88.98 2.25 451 705.42 2.73 

74 H90-15 35.00 88.98 2.25 451 705.42 2.83 

75 H90-16 31.53 82.25 2.03 451 852.53 3.41 

76 H90-17 31.53 81.00 2.03 451 833.06 3.39 

71' H90-18 36.04 81.52 2.03 451 838.85 3.50 

78 H90-19 35.71 80.10 2.01 451 842.24 3.54 

79 H90-20 36.36 81.82 2.05 451 824.11 3.45 

80 H90-21 40.54 81.32 2.03 451 836.62 3.60 

81 H90-22 40.18 80.09 2.01 451 842.96 3.65 

82 H90-23 40.54 81.32 2.03 450 837.00 3.61 

83 H90-24 45.45 89.57 2.27 451 692.08 2.96 

186 



CHAPTER S: APPUCATION OF ElTROPE.-tN RECOMMENDATION."11P81 

Table 5.1. SERIES 1 

No. Specimen nit hw/t fit 1 Md FCB 

(mm) (KNmm) (KN) 

84 H90-25 40.54 81.18 2.03 451 836.53 3.60 

85 H90-26 45.45 81.77 2.05 451 823.47 3.64 

86 H90-27 45.05 81.45 2.03 451 840.69 3.70 

87 H90-28 45.05 81.27 2.03 451 837.68 3.70 

88 H90-29 44.64 79.96 2.01 451 839.78 3.74 

89 H90-30 45.05 81.43 2.03 451 838.82 3.70 

90 H100-1 30.00 99.35 2.25 500 833.74 2.79 

91 H100-2 30.00 ·99.96 2.25 501 841.11 2.79 

92 H100-3 30.00 98.97 2.25 502 829.43 2.78 

93 H100-4 30.30 102.09 2.27 501 840.71 2.76 

94 H100-5 30.30 101.29 2.27 502 832.95 2.75 

95 H100-6 35.35 101.53 2.27 501 833.65 2.85 

96 HI00-7 35.71 102.58 2.30 501 821.93 2.81 
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Table S.1. SERIES 1 

No. Specimen nit hw/t r/t 1 Md FeB 

(mm) (KNmm) (KN) 

97 HI00-8 3S.00 99.90 2.25 SOl 840.38 2.90 

98 HI 00-9 3S.00 99.60 2.25 S02 836.76 2.89 

99 HIOO-IO 35.00 99.90 2.25 501 840.38 2.90 

100 H100-11 40.00 99.60 2.25 S02 837.37 2.98 

101 HIOO-12 40.00 98.S1 2.25 502 824.24 2.97 

102 H100-13 40.00 99.75 2.25 S02 839.4S 2.99 

103 HI00-14 40.00 99.60 2.25 S02 837.63 2.98 

104 HI00-lS 40.82 101.81 2.30 S02 815.0S 2.89 

lOS HI00-16 45.00 98.77 2.25 502 830.50 3.06 

106 HI00-17 45.00 100.08 2.25 502 841.80 3.08 

107 HI00-18 45.00 100.26 2.25 502 844.39 3.08 

108 HIOO-19 45.45 102.32 2.27 501 842.38 3.04 

109 HI00-20 45.45 100.39 2.27 503 822.85 3.02 
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Table 5.1. SERIES 1 

No. Specimen nit hw/t r/t 1 Md FCB 

(mm) (KNmm) (KN) 

110 HI00-21 50.00 99.52 2.25 503 836.14 3.15 

111 HI 00-22 50.51 101.39 2.27 502 834.68 3.12 

112 HI 00-23 50.00 100.11 2.25 502 842.92 3.16 

113 HI 00-24 51.02 102.48 2.30 502 822.29 3.06 

114 HI00-25 50.00 100.24 2.25 502 844.14 3.16 

115 HI00-52 30.00 101.33 2.25 500 898.72 2.98 

116 HI00-53 30.61 104.89 2.30 500 891.42 2.90 

117 HI00-54 30.00 100.52 3.25 500 893.03 2.90 

118 HI00-55 30.00 99.39 3.25 500 877.32 2.89 

119 HI00-56 30.61 100.82 4.34 500 849.96 2.72 

120 HI00-57 30.93 101.87 4.38 500 837.01 2.68 

121 HI00-58 40.40 103.56 2.27 500 901.25 3.16 

122 HI00-59 40.82 105.44 2.30 500 897.02 3.11 
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Table 5.1. SERIES 1 

No. Specimen nit hw/t r/t 1 Md FCB 

(mm) (KNmm) (KN) 

123 HI00-60 40.40 100.61 3.28 500 869.12 3.04 

124 HI00-61 41.67 104.04 3.39 500 835.86 2.90 

125 HI 00-62 40.00 99.36 4.25 500 879.68 3.03 

126 HI00-63 40.40 99.01 4.29 500 851.32 2.96 

127 HI 00-64 50.51 103.29 2.27 500 896.98 3.33 

128 HI00-65 51.55 106.25 2.32 500 882.12 3.24 

129 HI00-66 49.50 98.95 2.23 500 898.19 3.41 

130 HI00-67 50.51 100.42 3.28 500 867.20 3.22 

131 HI 00-68 49.50 97.40 4.21 500 880.88 . 3.24 

132 HI00-69 50.00 98.00 4.25 500 864.27 3.18 
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Table 5.2. SERIES 2 

No. Specimen nit hw/t r/t I Md FCB 

(mm) (KNmm) (KN) 

1 H60-6 40.40 60.59 3.79 175 390.03 3.22 

2 H60-8 40.00 59.62 3.50 176 393.83 3.29 

3 H60-11 40.00 60.26 3.25 176 396.70 3.32 

4 H60-12 51.02 60.33 3.32 177 378.56 3.43 

5 H60-38 50.00 61.12 3.75 177 405.48 3.55 

6 H60-39 50.00 59.40 3.50 175 390.59 3.54 

7 H80-35 40.40 80.61 3.79 230 577.13 3.26 

8 H80-36 40.00 BO.20 3.75 230 590.14 3.32 

9 H80-37 40.00 79.48 3.75 230 583.80 3.31 

10 HBO-32 30.00 80.52 3.50 230 591.00 3.0B 

11 H80-33 30.00 79.00 3.75 230 578.80 3.05 

12 H80-34 30.00 80.00 3.75 230 586.94 3.05 

13 HI00-28 30.30 101.01 4.04 300 795.94 2.99 
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Table 5.2. SERIES 2 

No. Specimen nit hw/t r/t I Md FCB 

(mm) (KNmm) (KN) 

14 H100-29 40.00 99.58 4.00 300 801.12 3.29 

15 H100-30 40.00 99.98 4.00 300 805.91 3.30 

16 HI00-31 40.00 101.94 4.00 300 826.49 3.31 

17 HI00-32 50.51 101.94 4.04 300 804.61 3.47 

18 HI00-33 50.00 99.78 4.00 300 802.77 3.52 

19 H100-34 50.00 99.80 4.00 300 809.03 3.52 

20 HI00-36 30.00 101.88 2.25 300 862.19 3.41 

21 HI00-37 30.30 99.41 3.28 300 816.24 3.23 

22 HIOO-41 39.60 100.97 2.23 300 876.44 3.75 

23 HI 00-42 40.40 103.05 2.27 300 852.40 3.63 

24 HI 00-44 39.60 98.63 3.22 300 853.63 3.63 

25 HI00-47 50.51 102.40 2.27 300 846.14 3.87 

26 HI00-49 50.50 100.83 3.28 300 834.59 3.75 
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Table 5.2. SERIES 2 

No. Specimen nit hw/t Tit 1 Md FeB 

(mm) (KNmm) (KN) 

27 HI00-50 50.00 98.00 4.25 300 828.59 3.70 

5.4.2. SPECIMENS UNDER WEB CRIPPLING ONLY (EOF, ETF AND ITF). 

Table 5.3. SERIES 3 (EOF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 S 100-1 30.00 99.36 4.00 1.53 

2 S 100-2 30.30 100.93 4.04 1.50 

3 S100-3 30.30 101.03 4.04 1.50 

4 S 100-4 40.40 101.84 4.04 1.64 

5 S100-5 40.40 101.93 4.04 1.64 

6 S100-6 40.00 101.14 4.00 1.67 
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Table 5.3. SERIES 3 (EO F) 

No. Specimen nIt hw/t r/t Fe 

(KN) 

7 SlOO-7 50.00 100.00 4.00 1.80 

8 S100-8 50.00 100.16 4.00 1.80 

9 S100-9 50.00 99.28 4.00 1.80 

10 S80-l 30.00 79.68 3.75 1.54 

11 S80-2 30.00 80.00 3.75 1.54 

12 S80-3 30.00 80.20 3.75 1.54 

13 S80-4 40.00 79.58 3.75 1.69 

14 S80-5 40.00 80.00 3.75 1.69 

15 S80-6 40.82 83.65 3.83 1.63 

16 S80-7 50.00 79.00 3.75 1.82 

17 S80-8 50.00 79.50 3.75 1.82 

18 S80-9 50.00 79.50 3.75 1.82 

19 S60-1 30.30 60.40 3.54 1.53 

20 S60-2 30.30 60.00 3.54 1.53 
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Table 5.3. SERIES 3 (EOF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

21 S60-3 30.00 59.68 3.50 1.56 

22 S60-4 40.00 59.78 3.50 1.70 

23 S60-5 40.00 59.70 3.50 1.70 

24 S60-6 40.00 59.38 3.50 1.70 

25 S60-7 50.00 60.00 3.50 1.83 

26 S60-8 50.00 59.50 3.50 1.83 

Table 5.4. SERIES 4 (ETF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 H4-1 27.03 64.29 1.80 2.16 

2 H4-2 27.27 65.09 2.05 2.10 

3 H4-3 27.03 64.94 1.80 2.16 

4 H4-4 36.36 65.56 1.82 2.32 
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Table 5.4. SERIES 4 (ETF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

5 H4-5 36.04 65.21 l.80 2.35 

6 H4-6 36.70 66.29 1.83 2.28 

7 H4-7 45.87 66.09 2.06 2.43 

8 H4-8 45.87 66.26 2.06 2.43 

9 H4-9 45.S7 65.39 2.06 2.43 

10 H5-1 27.27 93.64 2.05 2.10 

11 H5-2 27.27 92.62 2.05 2.10 

12 H5-3 27.03 91.73 2.03 2.14 

13 H5-4 36.04 91.50 2.03 2.33 

14 H5-5 36.04 91.68 2.03 2.33 

15 H5-6 36.36 92.56 2.05 2.30 

16 H5-7 45.45 93.55 2.05 2.47 

17 H5-S 45.45 93.1S 2.05 2.47 

18 H5-9 45.05 92.07 2.03 2.51 
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Table 5.5. SERIES 5 (ITF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

1 H6-1 27.03 64.34 1.80 4.31 

2 H6-2 27.03 64.14 1.80 4.31 

3 H6-3 26.79 63.02 1.79 4.38 

4 H6-4 36.04 64.07 1.80 4.71 

5 H6-5 36.04 64.16 1.80 4.71 

6 H6-6 36.04 63.68 1.80 4.71 

7 H6-7 44.64 63.48 1.79 5.14 

8 H6-8 45.05 64.25 1.80 5.06 

9 H6-9 45.05 65.93 1.80 5.06 

10 H7-1 27.27 92.40 1.82 4.24 

11 H7-2 27.03 91.82 1.79 4.31 

12 H7-3 27.03 92.41 1.80 4.31 

13 H7-4 35.71 90.63 1.79 4.78 

14 H7-5 36.04 91.51 1.80 4.71 
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Table 5.5. SERIES 5 (ITF) 

No. Specimen nit hw/t r/t Fe 

(KN) 

15 H7-6 36.36 92.24 1.82 4.63 

16 H7-7 45.05 91.98 1.80 5.06 

17 H7-8 45.45 92.75 1.82 4.98 

18 H7-9 45.45 92.58 1.82 4.98 
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CHAPTER 6 : PLASTIC COLLAPSE MECHAMSMS OF T1HN-WALLED STEEL STRUCTURES 

6.1. GENERAL. 

Because the objective of this research program was also aimed at using plastic 

mechanisms for analysing the web crippling strength of the specimens, it is therefore 

very useful to discuss plastic collapse mechanisms of thin-walled steel structures in 

this chapter before carrying out the analysis. When thin-walled steel structures carry 

increasing loads, they will first develop local elastic buckling which involves a 

deformation of their cross sections and then change the local elastic buckling into 

local plastic mechanisms as they collapse. This is in contrast to thick-walled steel 

structures which under increasing loads, first tend to buckle globally without 

deformations of the cross section and subsequently develop a simple plastic hinge at 

the middle of their lengths as collapse occurs. The distinction between failure modes 

of thick and thin-walled steel structures can be illustrated by the failure modes of a 

conventional strut and a thin-walled channel strut as shown in Figure 6.1. 

The local plastic mechanisms of thin-walled steel structures are composed of yield 

lines or plastic hinges which lie in all directions. A typical example shown in Figure 

6.2 is local plastic mechanisms of a plain channel section beam subjected to pure 

bending with unstiffened components in compression. At first sight the local plastic 

mechanisms appear to be a confused conglomaration of plastic hinges and distorted 

plates. However, the studies carried out by N.W. Murray[50] have shown that the 

plastic hinges can often be treated in a systematic way because they are made up of 
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a number of so-called " basic plastic mechanisms " which are compatible 

with each other. These basic plastic mechanisms have already been discussed in 

subchapter 2.3 and their types are listed in table 2.1. 

p 

p p p 

(a> (b) (c) 

Figure 6.1. Failure of conventional and thin-walled 

channel strut. [55] 

M , BE.'1DINO MOMENT 

Figure 6.2. Local plastic mechanisms of a plain channel 

section beam under pure bending. 
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The plastic collapse mechanisms can be used to analyse the post-yield or post­

collapse behaviour of thin-walled steel structures. This post-collapse behaviour is an 

important feature in the plastic mechanism analysis because it can be used to estimate 

the failure load of the structures. The complete behaviour of thin-walled steel 

structures can be described approximately by using two different models of theory, 

i.e. an ideal linear-elastic model which describes their elastic behaviour and an ideal 

rigid-plastic model which describes their post-collapse behaviour. Both of these 

theoretical models will form a theoretical load-deflection diagram of a thin-walled 

steel structure as shown in Figure 6.3. A failure ( or ultimate) load of the structure 

may be estimated from the theoretical load-deflection diagram by means of 

determining the point of intersection of the elastic and the rigid plastic curves a.nd 

this is called" Cut-o.ff strength" [53]. 

The dotted curve as shown in Figure 6.3 represents the actual load-deflection curve 

of the structure. This curve starts to deviate from the elastic curve as the first yield 

occurs and then coincide with the rigid-plastic curve just after the development of 

plastic mechanisms. The load-deflection diagram also indicates three different limit 

loads which can be explained as follows : 

Pe : elastic limit load, i.e. the load which corresponds to the 

occurence of the first yield in the structure. 

P f ultimate limit load, i.e. the maximum load that can be carried by 

the structure. 
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Pm plastic limit load, i.e. the load at which plastic collapse 

mechanisms have already been developed in the structure. 

RIGID PLASTIC CURVE 

Pc : ELASTIC LIMIT LOAD 

Pc : ULTIMATE LIMIT LOAD 

Pm: PLASTIC LIMIT LOAD 

(0,0) '--------------------;: .. 
DEFLECTION 

Figure 6.3. General load-deflection diagram of 

thin-walled steel structures. 

As mentioned before thin-walled steel structures at collapse will develop localized 

plastic mechanisms. The study of collapse has generally been concentrated on trying 

to understand what is hapenning when loads on the structure are in the vicinity of 

their maximum value. The maximum load or in some literature it is called the 

maximum load carrying capacity of a structure is often used as the sole basis for its 

design [45]. This maximum load can be approximated using a rigid plastic theory and 

the general idea of this theory will be discussed in the following subchapter. 
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6.2. RIGID-PLASTIC THEORY. 

The rigid-plastic theory assumes a material behaves according to the elastic-perfectly­

plastic stress-strain relationship and this behaviour can be seen in Figure 6.4. This 

assumption means that the effect of strain- hardening may be neglected because it 

tends to spread plastic hinges instead of allowing them to develop along a line as is 

assumed in the theory. As long as the spreading of the plastic hinges is not too large 

compared to the unyielded length of plate adjacent to the plastic hinges, the effect of 

strain-hardening is eventually not too significant. Moreover, interest usually focuses 

on the behaviour of the structure in the region of collapse and a little beyond it. 

In the rigid plastic theory, the region between the plastic hinges is also assumed to 

remain flat. This assumption is reasonable once the plastic mechanism is well 

developed. For these reasons it can be anticipated that there will be discrepancies 

between calculated results obtained using the rigid-plastic theory and experimental 

results. Nevertheless, the application of the rigid plastic theory can provide some 

understanding of the way thin-walled structures behave in the vicinity of the ultimate 

loads and may determine whether a structure is brittle or ductile. The structure is 

called brittle when its load-deflection curve indicates a sharp peak, i.e. after the 

ultimate load is reached, the curve suddenly drops in a very steep manner. In the case 

of a ductile structure, its behaviour is not represented by a load-deflection curve with 

a sharp peak and this is desirable in a structure because it can give more warning 
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before the structure fails. 

(J : STRESS 

£ : STRAIN 

(J : YIELD STRENGTH 

£ ~ : YIELD STRAIN 

Figure 6.4. Elastic-perfectly-plastic behaviour)61] 

An exact rigid-plastic theory will satisfy all the following conditions, i.e. : 

a. Equilibrium each part of the structure and the structure as a whole is in 

equilibrium with the applied loads and the reactions at the 

support. 

b. Mechanism sufficient (in number) plastic hinges are developed so that 

the whole or part of the structure can deflect as a 

mechanism. 

c. Yield at no point in the structure can the bending exceed the 

plastic moment capacity of the cross section. 

However, except in the case of the simplest of the structures it is not easy to satisfy 
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simultaneously all three conditions. It has been found expedient to resort to 

approximate methods which satisfy only two of the conditions, namely a method 

which satisfies the equilibrium and mechanism conditions and another method which 

satisfies the equilibrium and yield conditions. 

A simple example of using the rigid-plastic theory is the analysis of a mild steel strut 

whose cross section is rectangular and the strut is pinned about its minor principal 

axis at each end. The dimensions of the strut are shown in Figure 6.5 where B » H 

so that there is no doubt that if the strut is subjected to the axial load P, it will fail 

by bending about its minor axis. If the axial load P is not considered, the stress 

distribution in a fully plastic rectangular cross section of the strut is as shown in 

Figure 6.6(a), whereas ifthe axial load P is also carried by the cross section the stress 

distribution will be as shown in Figure 6.6(b). 

p ( P 
.1 Ie 

14 
2L 

.1 

p p t 
B 

! 
Figure 6.5. Dimension of a pin-ended strut. 
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B 
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I. <y .1 
CROSS - SECTIO:-l STRESS D1STRIDUTION 

<y : YIELD STRENOTII 

(a) 

B 

H 

COMPRESSIO:-l 
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CROSS - SECTIOS SmESS DlSmmUTION PART CARRYINO PART CARRYl'IO BENDINO 
AXIAL FORCE P 

(b) 

Figure 6.6. Stress distribution in a fully plastic 

rectangular cross section. 

MOMENT M ~ 

On the basis of the stress distribution shown in Figure 6.6(a), a full plastic moment 

of the cross section may be expressed as follows : 

4 
............. (6.2.1) 

If the axial load P must also be carried by the cross section, the plastic moment will 

be reduced and it is designated by a symbol of Mp'. It can be seen in Figure 6.6(b) 

that the central core of the strut of depth d carries the axial load P and this load can 

be formulated as: 
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P=OyBd ..............•...•...... (6.2.2) 

The outer part carries the reduced plastic moment Mp' where : 

................ (6.2.3) 

From equations (6.2.2) and (6.2.3) d can be eliminated to yield the following 

equation. 

M' = p 
(J B H2 P P 

y [ 1 - (-) 2 ] = M [1 - (_) 2] 
4 Ps p p. 

••••••• (6.2.4) 

In this equation Ps is a squash load and equal to aJ3H. The equation (6.2.4) IS 

applied to the perfect pin-ended strut as shown in Figure 6.5. As the axial load P 

reaches the squash load P 5 the strut becomes unstable and it deflects away from its 

initial position such as shown in Figure 6.7. A hinge is formed at the mid-span of the 

strut, i.e. at the location where the maximum deflection (~) takes place. The stress 

distribution has a pattern similar to that shown in Figure 6.6(b). 

P P 

(I) ACTCAI. STRUT 

P P 

PIN 
(b) J...D;E DIAGRAM OF STRUT 

PIN 

Figure 6.7. Pin-ended strut and its line diagram when collapsing. 
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In order to maintain an equilibrium condition of the strut after buckling laterally, a 

static moment on one half of the strut caused by the axial load P has to be the same 

as the reduced plastic moment Mp'. This can be expressed as in the following 

relationship. 

p A- = M~ = Mp [ 1 - (:.) 2] •••••••••••••••• (6. 2 • 5 ) 

The above equation can be solved explicitly for P as follows : 

p = - P; A- + iP! A-2 + 4 P; M; = 
2 Mp 

Hence: 

p 
= 

- P A-s +~ •••••••••••• (6.2.6) 

or substitution P s = 0y B H and equation (6.2.1) into the right side of equation (6.2.6) 

gives: 

2 ~ 
H 

(~ )2 + 1 
H 

............... (6.2.7) 

According to equation (6.2.7), if PIPs is plotted against ~IH the graph will be an 

unloading curve, i.e. as the lateral deflection ~ increases the load carrying capacity 

of the strut decreases (Figure 6.8). This is incidentally the cause of the sudden 
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collapse of steel struts when they reach their ultimate loads. If the strut remains 

elastic its load carrying capacity does not decrease after buckling. 

A/If 

Figure 6.8. Collapse curve of a pin-ended strut. 

6.3. MOMENT CAPACITY OF PLASTIC HINGES. 

The yield line method has been widely used to study local collapse mechanisms of 

thin-walled steel structures. In the application of the yield line method. the 

determination of the moment capacity of a yield line or a plastic hinge is a 

fundamental requirement. As discussed in the previous subchapter, a plastic moment 

or a reduced plastic moment of a structure can be analysed using the rigid plastic 

theory. In the application of this theory on the analysis of a pin-ended strut such as 
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shown in Figure 6.7, as the strut collapse, it forms a plastic hinge at the middle of 

its length. 

The moment capacity of the plastic hinge is the same as the reduced plastic moment 

as stated in equation (6.2.4). In this case, the position of plastic hinge is perpendicular 

to the direction of the axial load P. Thus, for a plastic hinge which is oriented at an 

angle of 90° to the direction of thrust P, its moment capacity can be generally 

expressed as follows : 

C1 b t 2 P M; =}' [ 1 - ( )2 ] .................. (6.3.1) 
4 C1, b t 

Where: 

~' : moment capacity of the plastic hinge. 

cry : material yield strength. 

b : width of the plastic hinge. 

t : thickness of the plastic hinge. 

The formula of moment capacity as indicated in equation (6.3 .1) is determined 

according to the assumed stress distribution over the thickness of plastic hinge and 

this method is termed the statical approach [47]. In the plastic collapse mechanisms 

of thin-walled steel structures, not all plastic hinges lie at right angles to the direction 

of the thrust P but there are also plastic hinges whose directions incline to the 

direction of the thrust P. It is therefore necessary to derive an expression for the 
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moment capacity of a plastic hinge which is inclined at an angle (3 to the direction 

of the thrust P. This can also be derived using the statical approach. 

A strip of flat plate of width b shown in Figure 6.9 is considered to be used for 

deriving the expression of moment capacity of an inclined plastic hinge. For 

convenience it is assumed there is a diagonal strip of material AB which has a yield 

stress 0y while the remainder of the plate is infinitely rigid. As in Figure 6.6 the 

central core of the material of depth tl is assumed to carry the axial load P so that 

P = 0, b tl .............. (6.3.2) 

Across AB there is a moment Mp'" carried by the remaining area of the cross section 

and a twisting moment. ~"' is calculated from stresses acting on the remaining area 

of the cross section, i.e. : 

M ill -
P - 0., ( t

2 - t; ) 
4 b sec~ ................. (6.3.3) 

From equation (6.3.2) tl = P/(Oy b) and when tl is substituted into equation (6.3.3), 

the equation becomes : 

o b P 
Mill = -L- [ t 2 - (-- )2 1 sec~ = 

p 4 CJ b , 
o b t 2 P 

y 4 [ 1 - ( )2 1 sec~ 
0, b t 

or 

III I Mp = Mp sec~ •••••.•••••••••••• (6.3.4) 

~' is the moment capacity if the plastic hinge is perpendicular to the direction of 
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axial load P. The diagram of moment vectors in Figure 6.9(b) shows that 

/I 11/ 
Mp = Mp seep ................ (6.3.5) 

From equations (6.3.4) and (6.3.5), the moment capacity along the plate width b of 

a plastic hinge which is oriented at an angle ~ to the direction of the thrust P may 

be written as follows : 

Mil = M' sec2n = p p ... 

C1 b t 2 P 
y [ 1 - ( )2 1 sec2p ............... (6.3.6) 

4 0y b t 

A 

•••• ~pl1 

P t t t t t t t t "'" 

I. b .1"'" ""'" 
.... ' .......... 

(. ) 

REPRESENTS CROSS-SECTION OF INCUNED HINGES 
(b) 

DIAORA.\t OF MOME!'o'T VECTORS 

Figure 6.9. Moment capacity of inclined plastic hinge. 
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6.4. COLLAPSE LOAD ANALYSIS. 

The previous subchapter has shown that the failure or collapse load of thin-walled 

steel structures can be roughly estimated from the intersection between the elastic and 

rigid plastic curves. The latter curve represents the post-yield or post-collapse 

behaviour of thin-walled steel structures. This behaviour is important in analysing 

plastic-collapse mechanisms of thin-walled steel structures because besides collapse 

loads, it can also provide insight into the ductility ofthe structures. The post-collapse 

load-deformation behaviour of thin-walled steel structures can be analysed using the 

yield line approach. There are two different methods in using the yield line approach 

for analysing collapse loads of thin-walled steel structures, i.e. a work method and 

an equilibrium method [53]. 

The work method is based on the principle of virtual work where the work performed 

by the external forces due to a virtual displcement is equated to the energy dissipated 

in the yield lines. A simple example of using the work method for calculating the 

collapse load is the analysis of a built-in beam shown in Figure 6.10. The beam is 

subjected to a central concentrated load Wand the beam will collapse when the load 

W has increased up to its maximum value. At the collapse stage, the beam deflects 

and forms plastic hinges at points A, Band C such as shown in Figure 6.10 (b). It 

can be seen that as the beam collapses, the load W moves through a small distance. 

For a very small rotating angle S, the displacement of the load W is equal to LSI:!. 
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w 

(a) c 
L/2 L/2 ~I 

(b) 

Figure 6.10. Collapse load analysis of built-in beam. 

The total external energy (work) done by the load W is : 

E = W L e 
at 2 

This energy is absorbed by the plastic hinges at A, Band C so that the energy 

dissipated in the plastic hinges will be : 

Edis = Mp ( e + 6 + 26 ) = 4 Mp 6 

where: 

Edis energy dissipated at plastic hinges. I 

Mp plastic moment of plastic hinges. 

By equating E ext to E dis' the load W can be expressed in terms of plastic moment Mp 

and the span of the beam L. 
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WL e = 4 Mp e ................ (6.4.1) 
2 

8 Mp 
W = - ............... (6.4.2) 

L 

Equation (6.4.1) may be regarded as a virtual work equation and the load W 

expressed in equation (6.4.2) is considered as the failure or collapse load of the beam. 

In the equilibrium method, plastic collapse mechanisms are thought to consist of 

independent strips parallel to the direction of loading. The maximum load carrying 

capacity of each strip is calculated from the static equilibrium of the strip. The 

collapse load of the whole structure is determined by integrating the maximum load 

carrying capacities of all strips. As an example of using the equilibrium method is 

the analysis of collapse load of the plate shown in Figure 6.11. 

r H 
pA·R~ 
.xLI! 

r-p_d-=p .. _~ r--T-4~P 
o 

(0) (b) 

(c) 

Figure 6.11. Analysis of collapse load using equilibrium method. 
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The above figure shows that the analysis of collapse load of the plate can be started 

by analysing the longitudinal strip of width dy. In order to obtain the elemental load 

dP, only a half portion of the strip shown in Figure 6.11 (c) is analysed and 

according to its static moment equilibrium the elemental load dP can be derived from 

the following relationship. 

From Figure 6.11(b),~ can be expressed in terms of 11 and plate width b, i.e. : 

_ a y a, - b ................. (6.4.4) 

substitutions of (6.4.4) into equation (6.4.3) and equating (1 + sec2~) to Kl : 

b Kl dP2 + 4 a a, ydy dP - b Kl (ay dy t)2 = 0 

- 4 a ay ydy + /(4 a ay ydy)l + 4 b2 K; (ay dy t)2 dP = ___ ~_---l_~_--L. _____ -=--L~_ 

2 b Kl 

(2 a)2 + _1 
b Kl y2 

dP = ------------------------~--~--~ 

- 4 b. a y ydy + 2 b Kl t a, ydy 

2 b Kl 

dP = 0y t [ 

.----------- 2a 
b Kl t ] ydy ............. (6.4.5) 

1 
+ --

yl 

By integrating this above elemental load dP from y = 0 to y = b, the collapse load 

of the plate can be expressed as follows : 
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kIt In( (2b.)2 + 1 + 2b. + -)] ...... (6.4.6) 
2b. Kit Kit 
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CIIAPTER 7: APPLICATION OF PLASTIC MECIIANISM APPROACH 

7.1. GENERAL. 

This chapter discusses the analysis of ultimate web crippling loads using the plastic 

mechanism approach. In order to carry out the analysis. an idealized plastic 

mechanism model which simulates failure modes of web crippling of the specimens 

was developed and analysed using principles of yield line analysis. As discussed in 

the previous chapter. there are two basic methods in analysing yield line or plastic 

mechanisms of thin-walled steel structures. i.e. an energy (work) method and an 

equilibrium method. This chapter describes the development of an energy method for 

analysing the ultimate web crippling load of specimens subjected to combined actions 

of web crippling and bending (IOF). 

Prior to the development of the idealized plastic mechanism model for analysing the 

ultimate web crippling load. some samples of failure modes of the specimens under 

IOF tests were observed in the laboratory. It could be seen from the observation that 

at failure the specimens formed yield curves underneath and in the vicinity of the 

loading point. Figure 7.1 indicates the observed yield line patterns of web crippling 

of the specimens failed under the IOF loading condition. The patterns form local 

collapse mechanisms of the specimens which are also termed as web crippling of the 

specimens and they consist of 15 yield lines. The area which is bounded by the yield 

lines 2 and 9 is the position of applied loads and the length of bearing load is exactly 

the same as that of the yield line 2. 
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In developing an idealized plastic mechanism model of web crippling, all yield lines 

in the local collapse mechanisms of the specimens as shown in Figure 7.1 are 

idealized in the form of straight yield lines. The application of an energy method for 

analysing the ultimate web crippling load is based on the virtual work equation. In 

this method, the external energy caused by the virtual displacement of the applied 

load is equated to the energy dissipation at plastic hinges. This energy equation is 

then used to derive the expression of ultimate web crippling load of the specimens. 

The energy dissipation at the plastic hinges was detennined on the basis of bending 

energy and the effect of axial (membrane) force was not considered in the initial 

analysis, although this was later modified. 

+ 6 + 

Figure 7.1. Observed plastic mechanisms of web crippling. 

In determining the external energy, the virtual displacement of the applied load was 

not only taken from the local deflection of the web due to the crushing action, but 
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also took account of the deflection of the whole beam caused by the global bending 

effect. The deflection of the whole beam was also elastically analysed, where in this 

analysis, the effect of local buckling on the compression elements was considered 

by means of an effective width approach. The concept of determining the effective 

width of the compression elements was basically similar to that of BS 5950 Part 5 

1987, i.e the calculation of effective width was employed for the top flange only. The 

elastic analysis of the beam deflection was intended to establish an elastic load­

deflection equation, where this would be combined with the other equation of 

theoretical load-deflection obtained from the plastic mechanism approach in order 

to estimate the ultimate web crippling load. 

7.2. IDEALIZED PLASTIC MECHANISM MODEL. 

The development of the idealized plastic mechanism model of web crippling was 

performed by idealizing the actual mechanisms shown in Figure 7.1 and this can be 

seen in Figure 7.2. In the idealized mechanisms of web and top flange indicated by 

the dotted lines, all observed yield curves are replaced by straight yield lines and the 

lengths of yield lines 2, 5 and 8 are assumed to be identical. The yield curves 8 in 

the top flange are replaced by straight yield lines 10 which are parallel to the 

direction of yield lines 9. Figure 7.2 also shows 3 parameters which characterize the 

deformation of web and top flange. The local deflection of the top flange due to the 

action of applied load causes the decrease of web height and this is called web 
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crippling deformation (~h). Another parameter which is represented by a symbol b 

is the yield arc depth, i.e. the maximum distance of the yield curve underneath the 

applied load measured from the original position of the deflected portion of the top 

flange where at this yield arc depth the maximum lateral deflection of the web (~) 

takes place. 

+ hw + 

~ h : WEB CRIPPLING DEFORM A nON b : Ylm.D ARC DEPTH hw : WEB DEPTH 

b 

(a) Web mechanisms ( Front view) 

I 

10 1 9 
I 

b : TOP FLANGE WIDTH 

I 
I 
I 
I 

9 110 

1 
t 

~ : MAXIMUM LATERAL DEFLECTION 
OF WEB 

(b) Top flange mechanisms ( Top view) 

Figure 7.2. Idealization of actual mechanisms. 
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Both idealized mechanisms in the top flange and the web form the idealized plastic 

mechanism model of web crippling (Figure 7.3) and it is used for analysing the 

ultimate web crippling loads for all specimens subjected to IOF loading condition in 

this research program. 

+ + 

Figure 7.3. Idealized plastic mechanism model of web crippling. 

The above idealized plastic mechanism model was analysed using the energy method 

and this was carried out according to the following assumptions. 

The effect of membrane force on the moment resisting capacity of the plastic 

hinge can be neglected, so that the fully plastic moment can be taken as the 

moment capacity of the plastic hinge. This assumption is subsequently 

modified to provide reduction in the hinge moment capacity. 

The plastic hinges are rotated through small angles, so that the hinge rotation 

may be predicted according to the small deflection theory. 

Flange curling can be neglected, so that the local deflection of the top flange 

may be considered to be equal to the web crippling deformation (M). 

222 



CIIAPTER 1: APPLICATION OF PLASTIC MECIII.NISM APPROACII 

All yield lines are assumed to be straight. 

The cross section of the plastic mechanism model may be represented by 

centre lines of the model and the round corner radius is replaced by the 

intersection of the centre lines of the web and the flanges. 

The effect of the comer radius is taken into account in the determination of 

external energy and it is assumed that the web loading acts at the edge of the 

radius between web and flange. 

All dimensions of the mechanisms are measured about the centre line. 

7.3. PLASTIC MECHANISM ANALYSIS OF THE IDEALIZED MODEL. 

In the application of the energy method for analysing the model, the external energy 

caused by the virtual displacement of the applied load is equated to the energy 

dissipated at the plastic hinges of the web and the top flange. The basic equation of 

the energy analysis used is as follows: 

Where: 

Wext : external energy caused by the virtual displacement of the applied load. 

Mp : moment resisting capacity of the plastic hinge per unit length. 

S : rotation angle of the plastic hinge line. 

I : length of the plastic hinge line. 

223 



C1IAPTER 7: APPLICATION OF PLASTIC M,.XIIANISM APPROACII 

The external energy (Wext) is determined according to the displacement of applied 

load shown in Figure 704, i.e. : 

Wext; = P (ah + 11) + MOe1 •••••••••••••• (7.3.2) 

Where: 

P : applied load. 

~h : web crippling deformation. 

11 : deflection of the beam due to the global bending moment. 

Mo : out of plane bending moment at the intersection of web and top flange and 

this is caused by the effect of round comer radius, Mo = P(r+O.5t). 

8} : rotation angle of the hinge line 2. 

In the above equation, 11 and 8} are analysed using plastic hinge mechanisms shown 

in Figure 704. This analysis is based on the small deflection theory. 

cl>mec = 

e1 = e case = e (1 _ 6
2

) 
2 

e llh = e(l - ah 2 2e 2 - ah 2 

= ; e1 -) = e 2e 2 2e 

e2 = e - (2e 2 - 2ah 2 ) = llh
2 e1 = II 2e 2e 

; 
b 

ah 2 
; 11 = cl>mec 

(l-n) Ah 2 (l-n) = 
2eJ (hw+t) 2+e 2 2 

< 4 eJ (h w+ t) 2 + e 2 

By using these above expressions and equation (7.3.2), the equation of external 

energy can be expanded as follows : 
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A PAh 2 (1-n) + P(r + O.5t)A 
Wexc = Puh + b 

4eJ (hw+t) 2+e 2 

P [4beC1Ah + bC2Ah2 + 4Cl(r+O.5t)A] = 4beCl . •• (7.3.3 ) 

where 

r-
(B -0.51) 

1-

p 

Ar-

t. 
• 

SECTION A-A 

. , C2 = 1 - n 

I 
10 " 

I 
I " 10 

'-,. I 2 
I , 
I I 

7 5 I 7 I 
1104l ~ 4 10 4~ 4 

I.· .I. n .I. .. 1 

TOP VIEW 

• p 

-+;;k-
A 

i---j----4 
• 5 f , 

(hw +1) 

i •• 
I. .1 ! n 

1/2 ! 1/2 

I 
A ----j 

FRONT VIEW 

Figure 7.4. Plastic hinge mechanisms. 

225 

mt 



CIIAPTER 7: APPLICATION OF PUSTIC MF.CIlIoNISM APPROloCII 

7.3.1. WEB MECHANISM ANALYSIS. 

Figure 7.4 (Front view) indicates that the web mechanisms consist of 13 plastic hinge 

lines. The energy dissipation at the plastic hinge lines 2,5 and 8 (WI) can be derived 

from the following equation. 

Wi = (Mp }2. 61· 1 2 + (Mp)s. (61 +62 ) .1 5 + (Mp)8.62.1e 

OyIlt2 OyIlt2 oynt 2 
Wi = 61 + (61 +9 2 ) + 92 444 

oynt 2 

WI = (91 +92 ) 
2 

(7 .3 .4) 

8 1 and 82 can be obtained from the geometrical analysis of the web deformation 

shown in section A-A of Figure 7.4, where this analysis is based on the small 

deflection theory (~h and ~ are assumed to be very small). 

; 
(hw+ t-b) 

; II (hw+ t) 
b (hw+ t-b) 

From these relationships and equation (7.3.4), the energy dissipation at the plastic 

hinge lines 2,5 and 8 can be expr~ssed as follows : 

= Oy n t 2 ~ (hw+t) 
WI 2 b (h w+ t _ b) . . • . • . . • .• (7. 3 . 5) 

In the case of the energy dissipation at the plastic hinge lines 1,3 and 6, the rotation 

of these plastic hinge lines is determined by examining the web deformation shown 
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in Figure 7.5. On the basis of the geometry in Figure 7.5 and the approximation of 

small deflection theory, the rotation of the plastic hinge lines 1,3 and 6 are similar 

to that of the plastic hinge lines 2,5 and 8. 

~ ...... .... .. .. .... 

(hw +1) 

Figure 7.5. Web and flange deformation. 

The energy dissipation at these hinge lines (W2) can therefore be obtained from : 
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Because the analysis is based on the small deflection theory, the lengths of plastic 

hinge lines 1 and 3 may be taken as follows : 

1 = e 1 ; 

W2 = 2 Oyt2 [Ae + A (hw+ th/b 2 +e 2 + AI (hw+ t) 2 + e 2 ] 
4 b b (hw+ t-b) (hw+ t-b) 

o t 2A [e(hw+t-b) + (hw+t)Jb 2 + e 2 + bV(hw+t) 2 + e 2] 
W2 = ~y~----------------~~~--~~----~-------------2 b (hw+ t-b) 

. . . . . . . . . . . . . . . . . . . . .. (7.3.6) 

Figure 7.5 also shows that the plastic hinge lines 4 and 7 are rotated through the 

angles of e3 and 84 respectively. These angles can be determined using Figure 7.4, 

i.e. : 

. , 

The energy dissipation at the plastic hinge lines 4 and 7 (W3) is formulated as 

follows: 

W3 = 2 [(Mp) 4 • 63 • 14 + (Mp) 7 .64 , 17] 

o t 2bAh 0 t 2 (hw+ t-b) A 
W3 = 2 [ y + y ] 

4e 4e 

W3 = Oyt2 [bAh + (hw+t-b) A] 
2 e 

(7 .3 .7) 

Hence, the total energy dissipation at the plastic hinge lines in the web (Ww) can be 

derived as follows: 
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Ww = WI + W2 + W3 

Oyt2 [nae (hw+ t) + ~e [e (hw+t-b) + (hw+t) Jb 2 +e 2 ] ] 
~= + 

2 b e (hw+ t-b) 

Oyt2~eb/(hw+t)2+e2 + 0yt 2 (hw+t-b) [bah + (hw+t-b)A] 

2 b e (hw+ t-b) 2 b e (hw+ t-b) 

Oyt2 [C3~ + ~e(eC4+C5+C6) + b 2C4ah + bC4 2A] 
Ww = -

2 b e C4 

................. (7.3.8) 

7.3.2. TOP FLANGE MECHANISM ANALYSIS. 

In this analysis, the rotation of plastic hinge lines 9 and 10 can be seen from Figure 

7.4, where the figure shows that the plastic hinge line 9 is rotated through the angle 

93 and the plastic hinge line 10 is rotated through the angle (93-<I>mec)' The energy 

dissipation at these hinge lines (Wfl) is 

wf1 

Wf1 = 2 [ (M.,) 9' e3 .19 + (M.,) 10' (e3 -ci>mec) .110 ] 

2 Oy t 2 (B-O. 5 t) (e 
= 4 2 J - ci>mec) 

Wf1 = Oy t 2 (B-O. 5 t) (2ah _ ah
2 

) 
e 2eJ (hw+ t) 2+e 2 

= Oy t 2 ~h (B-Q. 5 t) (4Cl-ah) 
4 e CI 

. . . . . . . . . . .. (7.3.9 ) 

On the basis of energy equations (7.3.1), (7.3.3), (7.3.8) and (7.3.9), the external 

energy is equated to the energy dissipation at all plastic hinge lines in order to derive 

the expression of ultimate web crippling load. 
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Wext = Ww + Wfl 

P[4beClah + 2bc2Ah 2 + 4Cl(r+0.5t)a] = 
4 b e Cl 

Oyt2 [C3A + ae(eC4+C5+C6) + b 2C4ah + bC4 2 A] + 

2 b e C4 

oyt 2ah (B-O • 5 t) (4Cl-Ah) 

4 e Cl 

p = Oyt2 [2C1C3A + 2Clae (eC4+CS+C6) + 2C1C4b 2Ah] 

C4 [4beC1Ah + 2bC2Ah 2 + 4C1A (r+Q. St)] 

+ Oyt2 [2C1C4 2bA + bC4Ah (B-O. 5 t) (4Cl-ah)] 

C4 [4beC1Ah + 2bC2Ah 2 + 4C1A (r+Q. 5 t) ] 

..................... (7.3.11) 

Where: Cl = V(hw+t)2 + e 2 ; C2 = 1 - n ; C3 = ne(hw + t} 

C4 = hw+t-b ; CS = (hw+t)Vb 2 + e 2 ; C6 = N(hw+t)2 + e 2 

The above equation gives the load P corresponding to deflections II and llh in terms 

of the geometry of the mechanism·s. By repeatedly varying e and b the lowest value 

of P for a given deflection condition can be found. and this minimisation process was 

incorporated in a computer program set up to evaluate the load deflection-behaviours. 

It was found that direct application of this equation, even with the minimisation 

procedure, resulted in non-conservative predictions, and gave loads more than 20% 

in excess of those measured in the tests. In order to overcome this, two additional 

procedures were incorporated, i.e. : 

- The first procedure : 

To take into account, in an approximate manner, the effect of axial load on bending 

capacity of the hinge lines. In reality the axial load effect is different for all hinges, 
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and even varies along some hinges, but for simplicity a single reduction factor can 

be used as follows : 

The reduction factor [1 - (P /ps)2] can be introduced to operate on P derived from 

equation (7.3.11), Le.: 

PP;' + P;Pp - pp; = 0 

p = -p; + i p! + 4p2p; 
p 2P 

_ -p! + P;~ 1 + 4 (f.) , 
2P 

.............. (7 .3 .12) 

where: 

P p : Reduced load carrying capacity. 

Ps : cry n t ( the squash load for the web load area ). 

- The second procedure : 

The same reduction factor is still introduced to operate on P from equation (7.3.11). 

In addition, to take some account of the fact that the full plastic moment is not 

attained at all hinges because of incomplete bending, the energy dissipation at the 

plastic hinge lines 4 and 7 is discounted. Thus, the value of P in equation (7.3.12) is 

calculated from equation (7.3.11) with the terms of 2 C1 C4 b
2 D.h and 2 C1 C4

2 b D. 

are equated to zero. This is a very approximate way to take account of reduction in 

energy dissipation, but may be at least justified by an increase in accuracy of the 

predicted values. 
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Two of the three web crippling parameters such as 6. and 6.h are variables and their 

values depend on the magnitude of the applied load P. These two parameters can be 

correlated one to each other using the geometrical analysis shown in the following 

figure and this analysis is also based on the small deflection theory . 

....---'--- -- -- - --
Ah I 

I T 
b 

(b· .!H) 

L 
(hw + t) 

Figure 7.6. Lateral deflection of web. 

b = ..j (b - Ah) 2 + A2 ; b 2 = b 2 + I1h 2 - 2bAh + 112 

I1h = 2b - ..j4b 2 - 4A2 
2 

; 

flh = b - ..jb 2 - A2 •••••••••• (7. 3 .1~) 
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7.4. ELASTIC ANALYSIS OF THE BEAM. 

As can be seen in equation (7.3.11) that from the plastic mechanism analysis, the 

load carrying capacity of the beam can be expressed in terms of lateral (~) and 

vertical (~h) deflection of the web. The elastic analysis of the beam is aimed at 

establishing the other expression of load carrying capacity vs. vertical deflection (~h) 

of the beam. This can be obtained by analysing the deflection of beam (11) using an 

elastic theory. In the elastic analysis, the effect of local buckling on the compression 

elements of the specimens is also taken into account by means of an effective width 

approach. 

7.4.1. ELASTIC BEAM DEFLECTION. 

The analysis of beam deflection caused by global bending moment is carried out 

according to Figure 7.7. From an elastic analysis, the elastic deflection of beam (11) 

is : 

Where: 

T) = P 1 3 

48 E I 

E : modulus of elasticity 

II •••••••• (7.4.1) 

I : the second moment of area and this is determined according to the effective 

cross-section of the beam, i.e. : 
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I = t [beEf Y~ + ~ (Y~ + Y~) + b p Y:] •••••••••• (7.4.2) 

p 

. --

(1-0)/l I 
I' , --1, 

- - - - - - - - - - - - -.- - - - - - - - - - - - -- --.:,:--~-±:' ::::::::=::::t!rt 1 ! 2 __ ~-

(1- n)fl 

b 

5 I I. 
(hw+t) 

7 

1/2 --1- f 
1-----------."--------.:..:-=---.---1 

I. i n 1 
I • 

1/2 

Figure 7.7. Beam deflection. 

In equation (7.4.2), bcfr is the effective width of compression element while Yc and 

Yt are the position of neutral axis of the effective cross-section of the beam. The 

detemlinatioll of belT will involve the analysis of maximum and critical buckling 

stresses of the compression element. 

7.4.2. ELASTIC STI~ESSES IN TilE BEAM. 

Figure 7.8 shows the elastic stress distribution in the beam caused by the global 

bending moment. The compressive stress O'c is uniformly distributed along the 

effective width (berr) of the top flange and non-uniformly distributed in the web. This 

stress is calculated from : 
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°c = P (1 - n) ............. (7.4.3) 

Ix is the second moment of the effective cross-section of the beam about the neutral 

axis X-X and it is calulated using the following equation. 

p 

I + I CO~RESSION + 
NEUTRAL AXIS I ··j·_··_·_·_·_·_·_··t· -"-'-'-'-'-'1'-' _ ... 

P/2 I TE:-lSION P!2 

I. (I. n)!2 (I • n)!2 
.1 

(a) 

ac: n 
!l c: 

----irw 

•• 

)'l 

al 

I. .1 be 

(b) 

Figure 7.R. Elastic stresses due to global bending moment. 
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In equation (7.4.4), the effective width of the top flange (berr) is detennined according 

to the following basic concept. 

If < 0.123 

If > 0.123 ; 

. 
I 1 ............. (7.4.5) 

b off = [1 + 14 (~ a_x - 0.35 )4J-0., 
b ocr 

...................... (7.4.6) 

where: 

befr: effective width of compression element ; b: full width of compression element. 

(j . : maximulll compressive stress ; (jer: the buckling stress. 
nloll( 

The buckling stress is calculated from: 

Ocr = 
K 1t 2 E 

( ~) 2 •••••••••••• (7.4.7) 

where: 

K : coefficient of buckling E : modulus of elasticity. 

v : Poisson's ratio ; t: thickness. 

The maximum compressive stress acting on the top flange is taken to be equal to the 

yield strength of the basic material (crmax = cry)' From reference [54], Poisson's ratio 

for steel v = 0.3 and K is taken as 0.425 ( the top flange is an unstiffened element). 

According to Figure 4.1, the full width of the compression element (b) as stated in 

the formulae (7.4.5) - (7.4.7) is certainly equal to bp so that the value of berr of the 
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top flange can be calculated by replacing bp for b in the above formulae. The position 

of neutral axis (Y c and Y I) is determined from : 

Yi is measured from the bottom flange 

(h +t)2 
bef[' (h",+t) + "'2 = (h",+t) [beff + 0.5 (h..,+t)] 

b Bff + (h",+ t) + (B-O. 5 t) Y t = b alf + (h",+ t) + bp 

(h..,+ t) (beft + 0.5 hI>' + 0.5 t) 
Y t = (beft + h", + B + 0.5 t) 

. . . . . . . . . . . .. (7.4. B) 

h (h",+t) (beft + 0.5 h.., + 0.5 t) 
Y c = hp - Y t = '1/ + t - (b + h + B + 0 5 t) 

Btt 'If • 

Yc = (beft + h..., + B + 0.5 
t) •••••••••••••• (7.4.9) 

From equations (7.4.3) - (7.4.9), the second moment of the effective cross-section of 

the beam about its neutral axis can be expressed as follows: 

Where: 

(hW+t)2[fi(hw+t) + 3f1 ft(B-O.5t)] 

12 fi 

........................... (7.4.10) 

f1 : berf + hw + B + 0.5t ; f2 : berf + O.5hw + O.5t ; f3: B + O.5hw 

In calculating the elastic deflection of the beam (Tl), this above equation is substituted 
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for I in equation (7.4.1). Thus, it can be summarized that the deflection of beam (Tl) 

may be expressed as follows : 

From the plastic mechanism analysis: 

From the elastic beam analysis : 

T) = P 1 3 

48 E I 

; 

These above relationships are used as the basis of establishing the load-deflection 

equation corresponding to the elastic analysis and expressing this in tenns of the 

plastic deformation. This equation is as follows : 

P 
= 12 E I (l-n) (b - Vb-A2)2 () ..•.••....... 7.4.11 

e 1 3 J(hW+t)2 + e 2 

Basically, the application of the plastic mechanism approach in detennining the 

ultimate web crippling load in this thesis follows the procedure shown in Figure 7.9. 

The figure shows that the failure load (Pf) is obtained from the intersection of elastic 

and plastic mechanism curves. These two theoretical curves can be predicted using 

equations (7.3.12) and (7.4.11). From these equations, the ultimate web crippling load 

can be obtained using an iteration method. In this method, the parameters which 

govern these equations such as e, and A are initially set to zero and subsequently 

increased with increments of 0.025 and 0.015 mm respectively until the following 

condition is satisfied. 
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Pel 
~O.9995 

PI' 

Pel is the load obtained from the elastic theory, i.e. equation (7.4.11), while P p is 

obtained from the plastic mechanism theory, i.e. equation (7.3.12) and this is based 

on the two different procedures as suggested in the previous subchapter. 

p 

ELASTIC THEORY -------

t.h 

Figure 7.9. Determination of failure load. 

The value of b was kept constant during the iteration and in order to obtain the 

minimum value of theoretical ultimate load, the iteration was carried out step by step 

with the value of b varied from (r+O.5t) to O.25(hw+t). The minimum value of P p 

obtained was taken as the ultimate web crippling load (FCB) and a computer program 

for carrying out this iteration can be seen in appendix E. There are two different 

values of FCB presented in the following subchapter, i.e. FCBI which is based on the 

application of the reduction factor only and FCB2 which is based on the application 

of the reduction factor and neglected energy dissipation at the plastic hinge lines 4 

and 7. 
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7.5. RESULTS. 

7.5.1. SERIES 1. 

Table 7.1. 

No. Specimen nit hw/t r/t 1 Fcn l Fcn2 

(mm) (KN) (KN) 

1 H60-2 27.27 53.42 2.05 300 4.75 4.23 

2 H60-4 27.27 53.42 2.05 300 4.77 4.26 

3 1-160-7 27.27 54.25 2.05 300 4.80 4.28 

4 1-160-9 27.27 54.23 2.05 300 4.77 4.24 

5 H60-10 27.27 54.00 2.05 300 4.79 4.28 

6 H60-lS 31.53 54.86 2.03 300 5.19 4.66 

7 1-160-19 31.53 54.06 2.03 300 5.21 4.73 

8 1-160-20 31.53 54.52 2.03 300 5.19 4.66 

9 H60-21 31.53 53.65 2.03 300 5.16 4.65 

10 H60-22 31.53 53.95 2.03 300 5.18 4.67 

11 H60-23 36.04 54.06 2.03 300 5.44 5.00 
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Table 7.1. 

No. Specimen nIt hw/t r/t I FCBt FCB2 

(mm) (KN) (KN) 

12 H60-24 36.04 54.06 2.03 300 5.44 5.00 

13 H60-25 36.04 54.41 2.03 300 5.46 5.00 

14 H60-26 36.04 54.77 2.03 300 5.47 5.01 

15 H60-27 36.04 54.06 2.03 300 5.45 5.01 

16 H60-28 40.54 55.09 2.03 300 5.72 5.35 

17 H60-29 40.54 54.54 2.03 300 5.70 5.35 

18 H60-30 40.54 54.64 2.03 300 5.71 5.36 

19 H60-31 40.54 54.36 2.03 300 5.70 5.35 

20 H60-32 40.54 53.74 2.03 300 5.69 5.35 

21 H60-33 4~.64 54.71 2.01 304 5.91 5.69 

22 J-I60-34 45.05 53.26 2.03 302 5.89 5.71 

23 H60-35 45.05 55.71 2.03 302 5.94 5.70 

24 H60-36 45.05 55.67 2.03 300 5.95 5.71 

25 H60-37 45.05 55.21 2.03 300 5.94 5.71 
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Table 7.1. 

No. Specimen nIt hw/t r/t 1 FCBl FCB2 

(mm) (KN) (KN) 

26 H70-6 27.03 62.35 2.03 350 4.72 4.12 

27 H70-7 27.27 62.46 2.05 350 4.72 4.11 

28 H70-8 27.27 62.46 2.05 350 4.70 4.11 

29 H70-11 31.53 63.42 2.03 351 5.12 4.49 

30 H70-12 31.53 63.22 2.03 351 5.11 4.48 

31 H70-13 31.53 63.14 2.03 351 5.09 4.48 

32 H70-14 31.53 63.79 2.03 350 5.13 4.50 

33 H70-15 31.53 62.95 2.03 351 5.10 4.49 

34 H70-18 36.04 63.68 2.03 352 5.38 4.78 

35 H70-19 36.04 63.33 2.03 352 5.37 4.78 

36 H70-20 36.04 63.47 2.03 351 5.37 4.77 

37 H70-21 40.54 63.51 2.03 350 5.82 5.24 

38 H70-23 40.54 63.90 2.03 350 5.62 5.09 

39 H70-24 40.54 63.51 2.03 350 5.61 5.09 
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Table 7.1. 

No. Specimen nit hw/t Tit 1 FCBl Fcn2 

(mm) (KN) (KN) 

40 H70-30 40.54 63.22 2.03 350 5.61 5.09 

41 H70-25 45.05 63.13 2.03 350 5.81 5.39 

42 H70-26 45.05 63.22 2.03 350 5.83 5.40 

43 H70-27 45.05 62.76 2.03 350 5.80 5.39 

44 H70-28 45.05 63.13 2.03 350 5.81 5.39 

45 H70-29 45.05 63.56 2.03 350 5.82 5.39 

46 1-180-9 27.27 72.30 2.05 398 4.82 4.24 

47 H80-tO 27.27 72.51 2.05 398 4.83 4.25 

48 H80-11 27.03 72.55 2.03 402 4.89 4.29 

49 H80-12 27.03 72.67 2.03 402 4.89 4.29 

50 H80-13 27.03 73.26 2.03 402 4.89 4.28 

51 1-180-14 31.53 72.00 2.03 402 5.t8 4.59 

52 H80-15 31.53 72.12 2.03 402 5.18 4.58 

53 H80-16 31.53 71.94 2.03 402 5.16 4.57 
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Table 7.1. 

No. Specimen nit hw/t r/t 1 FCBl Fcs2 

(mm) (KN) (KN) 

54 1-180-17 36.04 72.23 2.03 402 5.45 4.85 

55 H80-18 36.04 71.82 2.03 402 5.43 4.85 

56 H80-19 36.04 72.44 2.03 402 5.54 4.93 

57 H80-30 36.04 72.28 2.03 402 5.45 4.85 

58 1-180-31 36.04 71.89 2.03 402 5.44 4.85 

59 1-180-20 40.54 72.16 2.03 402 5.44 4.85 

60 HRO-21 40.54 73.04 2.03 402 5.69 5.12 

61 HRO-22 40.54 71.68 2.CH 402 5.66 5.10 

62 H80-23 40.54 72.96 2.03 403 5.68 5.10 

63 1-180-24 40.54 72.71 2.03 402 5.69 5.11 

64 H80-25 45.05 72.85 2.03 402 5.88 5.36 

65 HSO-26 44.64 71.82 2.01 402 5.98 5.46 

66 HSO-27 45.05 72.10 2.03 402 5.87 5.36 

67 H80-28 45.05 71.00 2.03 402 5.84 5.35 
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Table 7.1. 

No. Specimen nIt hw/t r/t I Fca 1 Fca2 

(mm) (KN) (KN) 

68 H80-29 45.05 72.59 2.03 402 5.89 5.37 

69 H90-10 27.27 80.78 2.05 453 4.78 4.15 

70 H90-11 27.27 80.69 2.05 453 4.77 4.13 

71 H90-12 27.27 81.59 2.05 450 4.80 4.15 

72 H90-13 27.03 81.64 2.03 450 4.88 4.22 

7" _ .... H90-14 30.00 88.98 2.25 451 4.10 3.54 

74 H90-1S 35.00 88.98 2.25 451 4.33 3.77 

75 H90-16 31.53 82.25 2.03 451 5.18 4.51 

76 1-190-17 31.53 81.00 2.03 451 5.15 4.48 

77 H90-18 36.04 81.52 2.03 451 5.40 4.72 

78 H90-19 35.71 80.10 2.01 451 5.47 4.80 

79 H90-20 36.36 81.82 2.05 451 5.32 4.66 

80 H90-21 40.54 81.32 2.03 451 5.63 4.96 

81 1-190-22 40.18 80.09 2.01 451 5.63 4.96 
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Table 7.1. 

No. Specimen nIt hw/t r/t I Fcn i FCB2 

(mm) (KN) (KN) 

82 H90-23 40.54 8l.32 2.03 450 5.64 4.97 

83 H90-24 45.45 89.57 2.27 451 4.62 4.08 

84 H90-25 40.54 81.18 2.03 451 5.63 4.97 

8-:'I H90-26 45.45 81.77 2.05 451 5.73 5.12 

86 H90-27 45.05 81.45 2.03 451 5.83 5.21 

87 1-190-28 45.05 81.27 2.03 451 5.83 5.20 

88 H90-29 44.64 79.96 2.01 451 5.89 5.27 

89 H90-30 45.05 81.43 2.03 451 5.83 5.20 

90 HIOO-l 30.00 99.35 2.25 500 4.16 3.53 

91 HI00-2 30.00 99.96 2.25 501 4.16 3.53 

92 HlOO-3 30.00 98.97 2.25 502 4.14 3.51 

93 1-1100-4 30.30 102.09 2.27 501 4.09 3.47 

94 HI00-5 30.30 1Ol.29 2.27 502 4.10 3.47 

95 HlOO-6 35.35 101.53 2.27 501 4.31 3.66 
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Table 7.1. 

No. Specimen nIt hw/t TIt 1 Fcul FCB2 

(mm) (KN) (KN) 

96 H100-7 35.71 102.58 2.30 501 4.24 3.60 

97 HlOO-8 35.00 99.90 2.25 501 4.38 3.73 

98 H100-9 35.00 99.60 2.25 502 4.36 3.72 

99 HIOO-IO 35.00 99.90 2.25 501 4.37 3.73 

100 HIOO-ll 40.00 99.60 2.25 502 4.55 3.91 

101 H100-12 40.00 98.51 2.25 502 4.52 3.89 

102 HIOO-13 40.00 99.75 2.25 502 4.56 3.92 

103 HIOO-14 40.00 99.60 2.25 502 4.55 3.91 

104 H \00-15 40.82 101.81 2.30 502 4.40 3.78 

105 HlOO-16 45.00 98.77 2.25 502 4.71 4.08 

106 HlOO-17 45.00 100.08 2.25 502 4.72 4.09 

107 HIOO-18 45.00 100.26 2.25 502 4.73 4.09 

108 HIOO-19 45.45 102.32 2.27 501 4.66 4.02 

109 HIOO-20 45.45 100.39 2.27 503 4.63 4.02 
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Table 7.1. 

No. Specimen nit hw/t Tit 1 Fcn l Fcn2 

(mm) (KN) (KN) 

110 H100-21 50.00 99.52 2.25 503 4.86 4.26 

111 HIOO-22 50.51 101.39 2.27 502 4.81 4.20 

112 HIOO-23 50.00 100.11 2.25 502 4.88 4.26 

113 HI00-24 51.02 102.48 2.30 502 4.72 4.12 

114 H100-25 50.00 100.24 2.25 502 4.88 4.26 

115 H100-52 30.00 IOl.33 2.25 500 4.37 3.70 

116 HlOO-53 30.61 104.89 2.30 500 4.25 3.60 

117 H }()()-54 30.00 100.52 3.25 500 4.36 3.66 

118 HlOO-55 30.00 99.39 3.25 500 4.34 3.64 

119 HIOO-56 30.61 100.82 4.34 500 4.21 3.49 

120 H100-57 30.93 101.87 4.38 500 4.14 3.42 

121 HIOO-58 40.40 103.56 2.27 500 4.76 4.06 

122 HIOO-59 40.82 105.44 2.30 500 4.68 3.99 

f-- .... 

123 HIOO-60 40.40 100.61 3.28 500 4.71 4.02 
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Table 7.1. 

No. Specimen nIt hw/t r/t 1 FCB1 FCB2 

(mm) (KN) (KN) 

124 HIOO-61 41.67 104.04 3.39 500 4.48 3.82 

125 H100-62 40.00 99.36 4.25 500 4.78 4.04 

126 HIOO-63 40.40 99.01 4.29 500 4.68 3.97 

127 HIOO-64 50.51 103.29 2.27 500 5.08 4.42 

12X H 100-65 51.55 106.25 2.32 500 4.92 4.30 

129 HI00-66 49.50 98.95 2.23 500 5.14 4.50 

130 HlOO-67 50.51 100.42 3.28 500 5.04 4.40 

131 HlOO-68 49.50 97.40 4.21 500 5.20 4.54 

132 HlOO-69 50.00 98.00 4.25 500 5.11 4.47 
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7.5.2. SERIES 2. 

Table 7.2. 

No. Specimen nIt hw/t r/t 1 FCBl FCB2 

(mm) (KN) (KN) 

1 H60-6 40.40 60.59 3.79 175 5.44 5.30 

2 H60-8 40.00 59.62 3.50 176 5.53 5.30 

3 H60-11 40.00 60.26 3.25 176 5.54 5.30 

4 H60-12 51.02 60.33 3.32 177 5.83 5.52 

5 H60-38 50.00 61.12 3.75 177 6.07 5.52 

f-. 

6 H60-39 50.00 59.40 3.50 175 6.02 5.52 

7 HSO-35 40.40 80.61 3.79 230 5.39 4.95 

8 H80-36 40.00 80.20 3.75 230 5.49 5.03 

9 HSO-37 40.00 79.48 3.75 230 5.48 4.94 

]() HRO-32 30.00 80.52 3.50 230 4.87 4.19 

11 HRO-33 30.00 79.00 3.75 230 4.86 4.19 

12 HSO-34 30.00 80.00 3.75 230 4.86 4.18 

13 HlOO-28 30.30 101.01 4.04 300 4.73 3.86 
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Table 7.2. 

No. Specimen nIt hw/t r/t I Fcn I FC82 

(mm) (KN) (KN) 

14 HI00-29 40.00 99.58 4.00 300 5.37 4.59 

15 HIOO-30 40.00 99.98 4.00 300 5.38 4.60 

16 HlOO-31 40.00 101.94 4.00 300 5.41 4.60 

17 H100-32 50.51 101.94 4.04 300 5.73 5.15 

18 HlOO-33 50.00 99.78 4.00 300 5.80 5.23 

19 H100-34 50.00 99.80 4.00 300 5.82 5.26 

20 H 100-36 30.00 10U~8 2.25 300 4.85 4.03 

21 H JOO-37 30.30 99.41 3.28 300 4.95 4.12 

22 HI00-41 39.60 100.97 2.23 300 5.51 4.77 

..,., 

... ., HI00-42 40.40 103.05 2.27 300 5.61 4.84 

24 HI00-44 39.60 98.63 3.22 300 5.47 4.69 

25 HI00-47 50.51 102.40 2.27 300 6.04 5.49 

26 HlOO-49 50.50 100.83 3.28 300 6.02 5.43 

27 HlOO-50 50.00 98.00 4.25 300 6.08 5.53 
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CHAPTER' : COMPARISONS OF DESIGN SPECIFICATIONS AND EXPERIMENTS 

8.1. GENERAL. 

The values of ultimate web crippling load predicted by BS 5950 Part 5 1987 and 

European Recommendations 1987 are compared with those obtained from the 

experiments in this chapter. In the comparisons, the experimental ultimate web 

crippling loads (Fe) are divided by the theoretical ones (FCB or Fc) and their ratios 

are presented in the tables and plotted against the parameters studied in this research 

programs. The accuracy of the theoretical results indicated by the various values of 

F /FeB and F /Fe is evaluated according to statistical methods, where this is employed 

by calculating the mean, the standard deviation and the coefficient of variation. 

The statistical measures of accuracy In this chapter were calculated from the 

following formulae. [60) 

The mean: 

X= .. , ......... (8.1.1) 

The standard deviation : 

s = 
(N - 1) 

............... (8.1.2) 

The coefficient of variation : 
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s CVx = . . • . . . . . . . . .. (8.1.3) 
X 

In using the above formulae, the value of Xi was equated to an individual value of 

F/FCB or F~lFc and N was the total number of data of both ratios. The accuracy of 

the theoretical results are also shown in diagrams of the ratios of FelFCB or FiFe 

against the parameters studied. In the diagrams, the scatter data of F /FcB and FiFe 

are limited to the values of ± 20% where these are based on the acceptable scatter 

limits normally used in the web crippling tests. The experimental ultimate loads (Fe) 

are also plotted against the theoretical ultimate loads (F CB or Fe) and the scatter data 

representing the difference of theoretical and experimental values of the ultimate 

loads are limited to ± 20%. Finally, this chapter is closed with discussions concerning 

the results of comparing the theoretical and experimental values of ultimate web 

crippling load. 

8.2. SPECIMENS TESTED UNDER IOF. 

Table 8.1. SERIES 1 (MIMe 02: OJ) 

No. Speci- nit hwlt rlt Fe FeB (KN) Fe I FeB 

men (KN) 
BS ER BS ER 

1 H60-2 27.27 53.42 2.05 4.09 4.58 3.03 0.89 1.35 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 

253 



CH.4PTER , : COMPARISONS OF DES/GN SPECIFICATIONS AND EXPERIMENTS 

Table 8.1. SERIES 1 (MIMe ~ 0.3) 

No. Speci- nit hw/t r/t Fe FeB (KN) Fe I FrB 

(KN) men 
BS ER BS ER 

2 H60-4 27.27 53.42 2.05 4.14 4.59 3.04 0.90 1.36 

3 H60-7 27.27 54.25 2.05 4.18 4.61 3.06 0.91 1.36 

4 H60-9 27.27 54.23 2.05 4.14 4.60 3.05 0.90 1.35 

5 H60-10 27.27 54.00 2.05 4.09 4.61 3.06 0.89 1.34 

6 H60-18 31.53 54.86 2.03 4.37 4.80 3.24 0.91 1.35 

7 H60-19 31.53 54.06 2.03 4.37 4.80 3.22 0.91 1.35 

8 H60-20 31.53 54.52 2.03 4.35 4.81 3.23 0.91 1.35 

9 H60-21 31.53 53.65 2.03 4.39 4.79 3.21 0.92 1.37 

10 H60-22 31.53 53.95 2.03 4.41 4.80 3.22 0.92 1.37 

11 H60-23 36.04 54.06 2.03 4.57 4.91 3.33 0.93 1.37 

12 H60-24 36.04 54.06 2.03 4.61 4.91 3.33 0.94 1.39 

13 H60-25 36.04 54.41 2.03 4.53 4.92 3.34 0.92 1.36 

BS : BS 5950 Part 5 1987 and ER : EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe ~ 0.3) 

No. Speci- nit hw/t r/t Fe FCB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

14 H60-26 36.04 54.77 2.03 4.54 4.93 3.36 0.92 1.36 

15 H60-27 36.04 54.07 2.03 4.57 4.92 3.33 0.93 1.37 

16 H60-28 40.54 55.09 2.03 4.76 5.05 3.46 0.94 1.37 

17 H60-29 40.54 54.54 2.03 4.86 5.04 3.45 0.96 1.41 

18 H60-30 40.54 54.64 2.03 4.78 5.04 3.45 0.95 1.39 

19 H60-31 40.54 54.36 2.03 4.81 5.03 3.44 0.96 1.40 

20 H60-32 40.54 53.74 2.03 4.85 5.02 3.43 0.97 1.42 

21 HI00-60 44.64 54.71 2.01 4.89 5.24 3.62 0.93 1.35 

22 H60-34 45.05 53.26 2.03 4.96 5.12 3.51 0.97 1.41 

23 H60-35 45.05 55.71 2.03 4.88 5.18 3.58 0.94 1.36 

24 H60-36 45.05 55.67 2.03 4.91 5.19 3.58 0.95 1.37 

25 H60-37 45.05 55.21 2.03 4.91 5.17 3.57 0.95 1.38 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe ~ 0.3) 

No. Speci- nit hw/t r/t Fe FeB (KN) Fe I FeB 

men (KN) 
BS ER BS ER 

26 H70-6 27.27 62.88 2.05 3.97 4.58 3.14 0.87 l.26 

27 H70-7 27.27 62.43 2.05 3.81 4.57 3.08 0.83 l.24 

28 H70-8 27.27 62.03 2.05 3.91 4.56 3.08 0.86 l.24 

29 H70-11 31.53 63.42 2.03 4.25 4.78 3.27 0.89 l.30 

30 H70-12 31.53 63.22 2.03 4.27 4.77 3.26 0.89 1.31 

31 H70-13 31.53 63.14 2.03 4.47 4.77 3.26 0.94 1.37 

32 H70-14 31.53 63.79 2.03 4.40 4.79 3.28 0.92 1.34 

33 H70-15 31.53 62.95 2.03 4.42 4.77 3.26 0.93 1.36 

34 H70-18 36.04 63.68 2.03 4.39 4.89 3.38 0.90 1.30 

35 H70-19 36.04 63.33 2.03 4.48 4.88 3.37 0.92 1.33 

36 H70-20 36.04 63.47 2.03 4.40 4.89 3.37 0.90 1.30 

37 H70-21 40.54 63.51 2.03 4.72 5.00 3.48 0.94 1.35 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDA lIONS 1987 
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Table 8.1. SERIES 1 (MIMe ~ 0.3) 

No. Speci- nIt hw/t TIt Fe FeB (KN) Fe I FeB 

(KN) men 
BS ER BS ER 

38 H70-23 40.54 63.90 2.03 4.65 5.01 3.49 0.93 1.33 

39 H70-24 40.54 63.51 2.03 4.81 5.01 3.48 0.96 1.38 

40 H70-30 40.54 63.22 2.03 4.77 4.99 3.48 0.95 1.37 

41 H70-25 45.05 63.13 2.03 4.98 5.11 3.57 0.97 1.39 

42 H70-26 45.05 63.22 2.03 4.82 5.12 3.58 0.94 1.35 

43 H70-27 45.05 62.76 2.03 4.85 5.10 3.56 0.95 1.36 

44 H70-28 45.05 63.13 2.03 4.89 5.11 3.57 0.96 1.37 

45 H70-29 45.05 63.56 2.03 4.83 5.12 3.58 0.94 1.35 

46 H80-9 27.27 72.26 2.05 4.07 4.64 3.18 0.86 1.29 

47 H80-10 27.27 72.47 . 2.05 4.11 4.64 3.19 0.89 1.30 

48 H80-11 27.03 72.55 2.03 4.24 4.72 3.24 0.90 1.31 

49 H80-12 27.03 72.67 2.03 4.31 4.72 3.24 0.91 1.33 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe ~ 0.3) 

No. Speci- nit hw/t r/t Fe FCB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

50 H80-13 27.03 73.26 2.03 4.20 4.73 3.25 0.89 1.29 

51 H80-14 31.53 72.00 2.03 4.41 4.82 3.34 0.92 1.32 

52 H80-15 31.53 72.12 2.03 4.59 4.82 3.34 0.95 1.37 

53 H80-16 31.53 71.94 2.03 4.46 4.82 3.34 0.93 1.33 

54 H80-17 36.04 72.23 2.03 4.56 4.93 3.46 0.92 1.32 

55 H80-18 36.04 71.81 2.03 4.65 4.92 3.44 0.94 1.35 

56 H80-19 36.04 72.44 2.03 4.60 5.02 3.46 0.92 1.33 

57 H80-30 36.04 72.28 2.03 4.49 4.93 3.46 0.91 1.30 

58 H80-31 36.04 71.89 2.03 4.56 4.93 3.45 0.92 1.32 

59 H80-20 40.54 72.16 2.03 4.77 5.04 3.55 0.95 1.34 

60 H80-21 40.54 73.04 2.03 4.68 5.05 3.58 0.93 1.31 

61 HSO-22 40.54 71.68 2.03 4.94 5.03 3.54 0.98 1.39 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe ~ 0.3) 

No. Speci- nit hw/t r/t Fe FeB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

62 HSO-23 40.54 72.96 2.03 4.82 5.05 3.57 0.95 1.35 

63 H80-24 40.54 72.71 2.03 4.79 5.05 3.57 0.95 1.34 

64 HSO-25 45.05 72.85 2.03 5.16 5.16 3.67 1.00 1.41 

65 HSO-26 44.64 71.82 2.01 4.88 5.24 3.71 0.93 1.31 

66 HSO-27 45.05 72.10 2.03 5.07 5.15 3.65 0.99 1.39 

67 HSO-28 45.05 71.10 2.03 5.04 5.12 3.62 0.98 1.39 

68 H80-29 45.05 72.59 2.03 5.04 5.16 3.66 0.98 1.38 

69 H90-10 27.27 80.78 2.05 4.15 4.60 3.20 0.90 1.30 

70 H90-11 27.27 80.69 2.05 4.13 4.59 3.20 0.90 1.29 

71 H90-12 27.27 81.59 2.05 4.21 4.61 3.22 0.91 1.31 

72 H90-13 27.03 81.64 2.03 4.16 4.70 3.28 0.89 1.27 

73 H90-14 30.00 88.98 2.25 3.25 3.81 2.73 0.85 1.19 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (WMc ~ 0.3) 

No. Speci- nit hw/t r/t Fe FCB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

74 H90-15 35.00 88.98 2.25 3.35 3.91 2.83 0.86 1.18 

75 H90-16 31.53 82.25 2.03 4.25 4.82 3.41 0.88 1.25 

76 H90-17 31.53 81.00 2.03 4.39 4.80 3.39 0.91 1.30 

77 H90-18 36.04 81.52 2.03 4.51 4.91 3.50 0.92 1.29 

78 H90-19 35.71 80.10 2.01 4.53 4.99 3.54 0.91 1.28 

79 H90-20 36.36 81.82 2.05 4.69 4.82 3.45 0.97 1.36 

80 H90-21 40.54 81.32 2.03 4.64 5.01 3.60 0.93 1.29 

81 H90-22 40.18 80.09 2.01 4.67 5.10 3.65 0.92 1.28 

82 H90-23 40.54 81.32 2.03 4.63 5.02 3.61 0.92 1.28 

83 H90-24 45.45 89.57 2.27 3.55 4.02 2.96 0.88 1.20 

84 H90-25 40.54 81.18 2.03 4.83 5.02 3.60 0.96 1.34 

85 H90-26 45.45 81.77 2.05 4.82 5.03 3.64 0.96 1.33 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe i!: 0.3) 

No. Speci- nit hw/t r/t Fe FCB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

86 H90-27 45.05 81.45 2.03 5.07 5.13 3.70 0.99 1.37 

87 H90-28 45.05 81.27 2.03 4.78 5.12 3.70 0.93 1.29 

88 H90-29 44.64 79.96 2.01 5.12 5.20 3.74 0.99 1.37 

89 H90-30 45.05 81.43 2.03 4.74 5.12 3.70 0.92 1.28 

90 HI00-1 30.00 99.35 2.25 3.41 3.83 2.79 0.89 1.22 

91 HIOO-2 30.00 99.96 2.25 3.41 3.83 2.79 0.89 1.22 

92 HI00-3 30.00 98.97 2.25 3.42 3.82 2.78 0.89 1.23 

93 HI 00-4 30.30 102.09 2.27 3.29 3.76 2.76 0.87 1.19 

94 HI00-5 30.30 101.29 2.27 3.29 3.75 2.75 0.88 1.20 

95 HIOO-6 35.35 101.53 2.27 3.27 3.85 2.85 0.85 1.14 

96 HlOO-7 35.71 102.58 2.30 3.31 3.77 2.81 0.88 1.18 

97 HI00-8 35.00 99.90 2.25 3.53 3.92 2.90 0.90 1.22 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES I (MIMe ~ 0.3) 

No. Speci- nit hw/t r/t Fe FrB (KN) Fe / FrB 

(KN) men 
BS ER BS ER 

98 HI00-9 35.00 99.60 2.25 3.47 3.92 2.89 0.89 1.20 

99 HIOO-IO 35.00 99.90 2.25 3.43 3.92 2.90 0.87 1.18 

100 HIOO-II 40.00 99.60 2.25 3.74 4.01 2.98 0.93 1.25 

101 HI00-12 40.00 98.51 2.25 3.49 4.00 2.97 0.87 1.18 

102 HI00-13 40.00 99.75 2.25 3.67 4.02 2.99 0.91 1.23 

103 HlOO-14 40.00 99.60 2.25 3.51 4.01 2.98 0.87 1.17 

104 HI00-15 40.82 101.81 2.30 3.53 3.S6 2.S9 0.92 1.22 

105 HI00-16 45.00 98.97 2.25 3.72 4.10 3.06 0.91 1.22 

106 HIOO-17 45.00 100.OS 2.25 3.S1 4.11 3.0S 0.93 1.24 

107 HIOO-18 45.00 100.26 2.25 3.82 4.11 3.08 0.93 1.24 

108 HI00-19 45.45 102.32 2.27 3.64 4.04 3.04 0.90 1.20 

109 HIOO-20 45.45 100.39 2.27 3.66 4.02 3.02 0.91 1.21 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOrvtMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe O!: 0.3) 

No. Speci- nIt hw/t r/t Fe FCB(KN) Fe / FCB 

men (KN) 
BS ER BS ER 

110 HI00-21 50.00 99.52 2.27 3.81 4.13 3.12 0.92 1.22 

111 HI 00-22 50.51 101.39 2.27 3.81 4.13 3.12 0.92 1.22 

112 HI00-23 50.00 100.11 2.25 3.83 4.20 3.16 0.91 1.21 

113 HI 00-24 51.02 102.48 2.30 3.87 4.04 3.06 0.96 1.26 

114 HI00-25 50.00 100.24 2.25 3.90 4.20 3.16 0.93 1.23 

115 HIOO-52 30.00 101.33 2.25 3.25 3.95 2.98 0.82 1.09 

116 HIOO-53 30.61 104.89 2.30 3.16 3.80 2.90 0.83 1.09 

117 HlOO-54 30.00 100.52 3.25 3.11 3.75 2.90 0.83 1.07 

118 HI00-55 30.00 99.39 3.25 3.11 3.74 2.89 0.83 1.08 

119 HI00-56 30.61 100.82 4.34 2.89 3.39 2.72 0.87 1.06 

120 HIOd-57 30.93 101.87 4.38 2.89 3.32 2.68 0.87 1.10 

121 HI00-58 40.40 103.56 2.27 4.10 4.07 3.16 1.01 1.30 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe i!': 0.3) 

No. Speci- nit hw/t r/t Fe FCB(KN) Fe / FCB 

men (KN) 
BS ER BS ER 

122 HI00-59 40.82 105.44 2.30 4.10 3.99 3.11 1.03 1.31 

123 HI 00-60 40.40 100.61 3.28 4.07 3.85 3.04 1.06 1.29 

124 HI00-61 41.67 104.04 3.39 3.87 3.62 2.90 1.07 1.34 

125 HI 00-62 40.00 99.36 4.25 3.96 3.72 3.03 1.07 1.31 

126 HI00-63 40.40 99.01 4.29 3.83 3.63 2.96 1.05 1.29 

127 HI 00-64 50.51 103.29 2.27 4.09 4.25 3.33 0.96 1.23 

128 HI00-65 51.55 106.25 2.32 4.25 4.10 3.24 1.04 1.31 

129 HIOO-66 49.50 98.95 2.23 4.16 4.41 3.41 0.94 1.22 

130 HI00-67 50.51 100.42 3.28 3.94 4.03 3.22 0.98 1.22 

131 HIOO-68 49.50 97.40 4.21 3.96 3.97 3.24 1.00 1.22 

132 HI00-69 50.00 98.00 4.25 4.00 3.89 3.18 1.03 1.26 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.1. SERIES 1 (MIMe ~ 0.3) 

Statistical BS 5950 Part 5 EUROPEAN 

measures of 1987 RECOMMENDATIONS 

accuracy of F JF CB 1987 

Mean 0.932 1.294 

Standard deviation 0.065 0.080 

Coeff. of variation 0.070 0.062 

2~----------------------

1.8 

1.8 

fe : EXPERIMENTAL ULTIUATE LOAD (IOf) 
fca : THEORETICAL ULTIUATE LOAD (I Of) 

n : BEARING lENGTH 
t : WEB THIa<NESS 

1. ---~-~-----tl.ll-~-~-jIl-~------• fe I fCB 1+--------,--...-....... -..t..- ":---1 

-------------~-~------------------------ 20X 

0.2 

10 20 

+ BS 69~ PART IS 1 al7 
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Figure 8.1. FJFcB vs. bearing length ratio, for MIMe ~ 0.3. 
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Fe: DPERlUENTAL ULTlUATE LOAD (ltF) 
FCB : THEcm:nCAL UL TIIA n: LOAD Clef') 

tnr : WEB DEPTH 
t , WEB THlao£SS 

1,,",~--------__ ---1 .. ----'----_~ _ 
__ •• __ •• _ •• UIO .... ____ ~---

-2OX 

+ as 5110 PART 8 1117 

X El.RPEAN RECCIISI)AnONS 
1117 

hw / t 

Figure 8.2. F/FcB vs. web slenderness ratio, for MIMe iI'! 0.3. 

2T-------------------------------~ 

1. 

1. 

F, & ~AL ULTtWATE LOAD CICF) 
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Figure 8.3. F/FcB vs. inside bend radius ratio, for MIMe it: OJ. 
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F. (KN) 

F. I DPERDENTAL ULTlUATE LOAD 

Fca I THEORETJCAL Ul. TIUA TE l.OAD 

SI!JaES 1 (JQF') 

+ as !ISO PART II 1117 

X ElRPEAN ftECCII.EH)A nONS 
1117 

Fca (KN) 

Figure 8.4. Theoretical load FeB vs. experimental load Fe. for MIMe ;t 0.3. 

Table 8.2. SERIES 2 (MIMe < OJ) 

No. Speci- nit hw/t rlt Fe FCB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

1 H60-6 40.40 60.59 3.79 4.36 4.23 3.22 1.03 1.35 

2 H60-8 40.00 59.62 3.50 4.27 4.38 3.29 0.97 1.30 

3 H60-11 40.00 60.26 3.25 4.45 4.45 3.32 1.00 1.34 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.2. SERIES 2 (WMc < 0.3) 

No. Speci- nit hw/t r/t Fe FCB (KN) Fe / FCB 

men (KN) 
BS ER BS ER 

4 H60-12 51.02 60.33 3.32 4.67 4.51 3.43 1.04 1.36 

5 H60-38 50.00 61.12 3.75 4.89 4.57 3.55 1.07 1.38 

6 H60-39 50.00 59.40 3.50 4.76 4.64 3.54 1.03 1.34 

7 H80-35 40.40 80.61 3.79 4.38 4.13 3.26 1.06 1.34 

8 H80-36 40.00 80.20 3.75 4.36 4.22 3.32 1.03 1.31 

9 H80-37 40.00 79.48 3.75 4.36 4.22 3.31 1.03 1.32 

10 H80-38 50.51 80.55 3.79 4.89 4.36 3.49 1.12 1.40 

11 H80-39 50.51 80.61 3.79 4.89 4.36 3.49 1.12 1.40 

12 H80-40 50.00 79.38 3.75 5.07 4.45 3.55 1.14 1.43 

13 HI00-28 30.30 101.01 4.04 3.76 3.74 2.99 1.01 1.26 

14 HI00-29 40.00 99.58 4.00 4.45 4.03 3.29 1.10 1.35 

15 HI00-30 40.00 99.98 4.00 4.45 4.03 3.30 1.10 1.35 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOM1v1ENDATIONS 1987 
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Table 8.2. SERIES 2 (MIMe < 0.3) 

No. Speci- nIt hw/t r/t Fe FCB (KN) Fe I FCB 

men (KN) 
BS ER BS ER 

16 HI00-31 40.00 101.94 4.00 4.47 4.03 3.31 1.11 1.35 

17 HI00-32 50.51 101.94 4.04 4.53 4.15 3.47 1.09 1.31 

18 HI00-33 50.00 99.78 4.00 4.71 4.24 3.52 1.11 1.34 

19 HI00-34 50.00 99.80 4.00 4.53 4.24 3.52 1.07 1.29 

20 H100-36 30.00 101.88 2.25 4.27 4.35 3.41 0.98 1.25 

21 HI00-37 30.30 99.41 3.28 4.27 4.02 3.23 1.06 1.32 

22 H100-41 39.60 100.97 2.23 4.58 4.68 3.75 0.98 1.22 

23 HI 00-42 40.40 103.05 2.27 4.71 4.49 3.63 1.05 1.30 

24 HI 00-44 39.60 98.63 3.22 4.89 4.42 3.63 1.11 1.35 

25 HI00-47 50.51 102.40 2.27 5.20 4.73 3.87 1.10 1.35 

26 HI 00-49 50.50 100.83 3.28 5.18 4.47 3.75 1.16 1.38 

27 HI00-50 50.00 98.00 4.25 5.18 4.29 3.70 1.21 1.40 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Statistical 

measures of 

accuracy of F /FeB 

Mean 

Standard deviation 

Coeff. of variation 

Table 8.2. SERIES 2 (MIMe < 0.3) 

BS 5950 Part 5 EUROPEAN 

1987 RECOMMENDATIONS 

1987 

1.070 1.337 

0.058 0.048 

0.054 0.036 

2~~--~----------------------~ Fe : EXPERIWENTAl UlTlWATE LOAD (JCF) 
Fca I THEORETICAL Ul TINA TE LOAD (IOf') 

n : BEARING lENGTH 
t : WEB THIctt:NESS 

::2 ---!-:~~---____ t ____ i _____ l ____ _ 
Fe/FCB 1+-----------~----~----~~--~ 

----------------------------------------
- 20" 

0.2 

10 20 

+ BS ~150 PART 5 1887 

X ElI«lPEAN REaMIENOA TIONS 
1887 

30 ~ 

nIt 
eo 

Figure 8.5. F /FeB vs. bearing length ratio, for MIMe < 0.3. 
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2~--~--~~~~~~~~~~~~ 
Fe I EXPERIUENTAL ULTIUATE LOAD (ICF) 

1.8 

1. 

Fe I FeB 1 

o. 

FCB: THEORETlCAL ULTIUATE LOAD (IOF) 
hw I WEB DEPTH 

t : WEB THIa<NESS 

-------~--------~-------~-!-~--
+ 

----------------------------------------
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- 20X 

+ as SISO PART 5 1117 

X E1JROFIEAN RECOWENDA TlONS 
1187 

IS 10 1 
hw It 

1 0 

Figure 8.6. F/Fes vs. web slenderness ratio, MIMe < 0.3. 
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Figure 8.7. F/Fcs vs. inside bend radius ratio, for MIMe < OJ. 
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Figure 8.8. Theoretical load FeB vs. experimental load Fe • for MIMe < 0.3. 

8.3. SPECIMENS TESTED UNDER EOF. 

Table 8.3. SERIES 3 

No. Speci- nit hw/t r/t Fe Fc(KN) Fe I Fe 

men (KN) 
BS ER BS ER 

1 S100-1 30.00 99.36 4.00 1.73 1.00 1.53 1.72 1.13 

2 S 100-2 30.30 100.93 4.04 1.65 0.97 1.50 1.70 1.10 

3 S 100-3 30.30 101.03 4.04 1.68 0.97 1.50 1.73 1.12 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.3. SERIES 3 

No. Speci- nit hw/t r/t Fe Fe (KN) Fe I Fe 

men (KN) 
BS ER BS ER 

16 S80-7 50.00 79.00 3.75 2.38 1.28 1.82 1.87 1.31 

17 S80-8 50.00 79.50 3.75 2.60 1.27 1.82 2.04 1.43 

18 S80-9 50.00 79.50 3.75 2.37 1.27 1.82 1.86 1.30 

19 S60-I 30.30 60.40 3.54 2.15 1.18 1.53 1.83 1.41 

20 S60-2 30.30 60.00 3.54 2.08 1.18 1.53 1.77 1.36 

21 S60-3 30.00 59.68 3.50 2.08 1.21 1.56 1.72 1.34 

22 S60-4 40.00 59.78 3.50 2.54 1.30 1.70 1.96 1.49 

23 S60-5 40.00 59.70 3.50 2.59 1.30 1.70 1.99 1.52 

24 S60-6 40.00 59.38 3.50 2.58 1.30 1.70 1.98 1.52 

25 S60-7 50.00 60.00 3.50 3.11 1.39 1.83 2.23 1.70 

26 S60-8 50.00 59.50 3.50 2.94 1.39 1.83 2.11 1.60 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.3. SERIES 3 

Statistical BS 5950 Part 5 EUROPEAN 

measures of 1987 RECOMMENDATIONS 

accuracy of F JF c 1987 

Mean 1.793 1.290 

Standard deviation 0.268 0.168 

Coeff. of variation 0.149 0.130 

. 
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Figure 8.9. F JFc vs. bearing length ratio (EOF). 
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Figure 8.11. FiFe vs. inside bend radius ratio (EOF). 
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Figure 8.12. Theoretical load Fe vs. experimental load Fe' for (EOF). 

8.4. SPECIMENS TESTED UNDER ETF. 

Table 8.4. SERIES 4 

No. Speci nit hw/t r/t Fe Fe (KN) Fe I Fe 

-men (KN) 
BS ER BS ER 

1 H4-1 27.03 64.29 1.80 1.89 2.19 2.16 0.87 0.88 

2 H4-2 27.27 65.09 2.05 1.78 2.06 2.10 0.86 0.85 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN REC01v1MENDATIONS 1987 
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Table 8.4. SERIES 4 

No. Speci nit hw/t r/t Fe Fe(KN) Fe I Fe 

-men (KN) 
BS ER BS ER 

3 H4-3 27.03 64.94 1.80 1.81 2.18 2.16 0.83 0.84 

4 H4-4 36.36 65.56 1.82 2.00 2.29 2.32 0.87 0.86 

5 H4-5 36.04 65.21 1.80 2.03 2.34 2.35 0.87 0.86 

6 H4-6 36.70 66.29 1.83 1.87 2.24 2.28 0.83 0.82 

7 H4-7 45.87 66.09 2.06 2.16 2.30 2.43 0.94 0.89 

8 H4-8 45.87 66.26 2.06 2.20 2.30 2.43 0.96 0.91 

9 H4-9 45.87 65.39 2.06 2.25 2.31 2.43 0.98 0.93 

10 H5-1 27.27 93.64 2.05 1.64 1.89 2.10 0.86 0.78 

11 HS-2 27.27 92.62 2.05 1.84 1.90 2.10 0.97 0.88 

12 H5-3 27.03 91.73 2.03 1.64 1.94 2.14 0.84 0.77 

13 H5-4 36.04 91.50 2.03 2.05 2.08 2.33 0.98 0.88 

14 H5-5 36.04 91.68 2.03 1.98 2.08 2.33 0.95 0.85 

BS: BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.4. SERIES 4 

No. Speci- nit hw/t rlt Fe Fe (KN) Fe / Fe 

men (KN) 
BS ER BS ER 

15 HS-6 36.36 92.56 2.05 1.99 2.04 2.30 0.98 0.87 

16 HS-7 45.45 93.55 2.05 2.19 2.17 2.47 1.01 0.89 

17 H5-8 45.45 93.18 2.05 2.32 2.17 2.47 1.07 0.94 

18 H5-9 45.05 92.07 2.03 2.22 2.22 2.51 1.00 0.88 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 

Table 8.4. SERIES 4 

Statistical BS 5950 Part 5 EUROPEAN 

measures of 1987 RECOMMENDATIONS 

accuracy of F/Fe 1987 

Mean 0.926 0.866 

Standard deviation 0.073 0.044 

Coeff. of variation 0.079 0.051 
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Figure 8.13. F /Fe vs. bearing length ratio (ETF). 
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Figure 8.14. F /Fe vs. web slenderness ratio (ETF). 
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Figure 8.15. Theoretical load Fe vs. experimental load Fe. for ETF. 

8.5. SPECIMENS TESTED UNDER ITF. 

Table 8.5. SERIES 5 

No. Speci- nit hw/t rlt Fe Fe (KN) Fe I Fe 

men (KN) 
BS ER BS 

1 H6-1 27.03 64.34 1.80 4.53 6.15 4.31 0.74 

2 H6-2 27.03 64.14 1.80 4.75 6.16 4.31 0.77 

ER 

1.05 

1.10 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.5. SERIES 5 

No. Speci- nit hw/t r/t Fe Fe (KN) Fe I Fe 

men (KN) 
BS ER BS ER 

3 H6-3 26.79 63.02 1.79 4.53 6.30 4.38 0.72 1.03 

4 H6-4 36.04 64.07 1.80 4.87 6.23 4.71 0.78 1.03 

5 H6-5 36.04 64.16 1.80 5.14 6.23 4.71 0.83 1.09 

6 H6-6 36.04 63.68 1.80 5.05 6.24 4.71 0.81 1.07 

7 H6-7 44.64 63.48 1.79 5.26 6.43 5.14 0.82 1.02 

8 H6-8 45.05 64.25 1.80 5.17 6.29 5.06 0.82 1.02 

9 H6-9 45.05 65.93 1.80 5.18 6.30 5.06 0.82 1.02 

10 H7-1 27.27 92.40 1.82 4.58 5.43 4.24 0.84 1.08 

11 H7-2 27.03 91.82 1.79 4.56 5.55 4.31 0.82 1.06 

12 H7-3 27.03 92.41 1.80 4.63 5.53 4.31 0.84 1.07 

13 H7-4 35.71 90.63 1.79 4.85 5.74 4.78 0.84 1.01 

14 H7-5 36.04 91.51 1.80 4.88 5.62 4.71 0.87 1.04 

BS : BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 
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Table 8.5. SERIES 5 

No. Speci- nIt hw/t r/t Fe Fe (KN) Fe! Fe 

men (KN) 
BS ER BS ER 

15 H7-6 36.36 92.24 1.82 4.88 5.50 4.63 0.89 1.05 

16 H7-7 45.05 91.98 1.80 4.88 5.67 5.06 0.86 0.96 

17 H7-8 45.45 92.75 1.82 5.28 5.55 4.98 0.95 1.06 

18 H7-9 45.45 92.58 1.82 4.68 5.55 4.98 0.84 0.94 

BS: BS 5950 Part 5 1987 and ER: EUROPEAN RECOMMENDATIONS 1987 

Table 8.5. SERIES 5 

Statistical BS 5950 Part 5 EUROPEAN 

measures of 1987 RECOMMENDATIONS 

accuracy of F /Fe 1987 

Mean 0.826 1.039 

Standard deviation 0.053 0.041 

Coeff. of variation 0.064 0.039 
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Figure 8.16. FiFe vs. bearing length ratio (ITF). 

2.T---~~~~----------------~ F. I DPERIENT AI. UL TIUA TE LOAD (lTF) 
Fe I TtfECAETICAL ULTlUAT! LOAD (ITF) 
.. t WEB DEPTH 

t a WEB THIact£SS 

+2OX 

~/FC ,+-------~--------------~~~ 

---------~--------::~--------

+ IS ueo PART e '117 

X ElJIfClPEAN IECClll!N)A nONS 
1117 

Figure 8.17. FiFe vs. web slenderness ratio (ITF). 
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Figure 8.18. Theoretical load Fe vs. experimentalload Fe • for ITF. 

8.6. DISCUSSION. 

Figures 8.1 - 8.18 have shown the accuracy of using the two different design 

specifications, namely BS 5950 Part 5 1987 and European Recommendations 1987 

in predicting the ultimate web crippling loads of the specimens which were subjected 

to the four different loading conditions. It can be interpreted from the figures that the 

scatter data representing the deviation of theoretical results from the actual results 

obtained from experiments should lie within the area which is bounded by the dashed 

lines ± 20%. The accuracy of both design specifications indicated in the figures 
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depends on the types of loading condition and this can also be seen from the results 

of statistical analysis presented in the tables 8.1 - 8.5. 

In the case of specimens tested under IOF, the accuracy of the theoretical results 

predicted by BS 5950 Part 5 1987 is affected by the magnitude of bending moment 

applied to the specimens. This is indicated in table 8.1 and Figures 8.1 - 8.4 where 

if the applied bending moment is equal or greater than 30% of the moment capacity 

of specimen, most of the theoretical values tend to overestimate the experimental 

values. On the other hand, as shown in table 8.2 and Figure 8.5 - 8.8, the 

experimental values tend to be underestimated by most of the theoretical values of 

BS 5950 Part 5 1987 when the applied bending moment is less than 30% of the 

moment capacity. Nevertheless, the accuracy of the theoretical results predicted by 

BS 5950 Part 5 1987 for this type of loading condition is mostly still within the 

acceptable scatter limits ± 20%. 

In contrast to this, as shown in table 8.1 - 8.2 as well as Figures 8.1 - 8.8, most of 

the theoretical results calculated using the European Recommendations 1987 for this 

type of loading condition underestimate the experimental results. Although these 

results are safer than those predicted by BS 5950 Part 5 1987, the accuracy of most 

of them is not very good. This is clearly shown in Figures 8.1 - 8.8, where most of 

the scatter data of European Recommendations 1987 lie beyond the acceptable scatter 

limits ± 20%. Thus, it can be said that BS 5950 Part 5 1987 is more accurate than 
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European Recommendations 1987 in predicting the ultimate loads of the specimens 

subjected to combined web crippling and bending, but is not conservative. 

The accuracy of theoretical results presented in table 8.3 and Figures 8.9 - 8.12 

shows the similarity between BS 5950 Part 5 1987 and the European 

Recommendations 1987 in estimating the ultimate web crippling loads of the 

specimens tested under EOF. Both of these design specifications result in 

conservative values of ultimate web crippling loads. It can be seen from the figures 

that all experimental web crippling capacities exceed those predicted by BS 5950 Part 

5 1987 by more than 20%. In the case of the European Recommendations 1987. 

Figures 8.10 - 8.11 show that for the specimens with larger web depths and inside 

bend radii, the accuracy of most of the estimated values still lies within the 

acceptable scatter limits ± 20%. The figures also show that the smaller the values of 

web depth and inside bend radius, the more inaccurate the values of ultimate web 

crippling load predicted by the Recommendations. On the basis of these results. it can 

be concluded that BS 5950 Part 5 1987 tend to be inaccurate in estimating the 

ultimate web crippling loads of the specimens tested under EOF, whereas the 

accuracy obtained using European Recommendations 1987 seems to be more affected 

by the dimensions of the specimens. 

If the specimens are subjected to the loading on both flanges near or at the end 

(ETF) , both design specifications seem to result in unconservative predictions of 
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ultimate web crippling load. This is clearly shown in Figures 8.13 - 8.15 and in table 

8.4. However, the accuracy of the theoretical results for this type of end loading can 

still be accepted because most of the scatter data are in the area between ± 20%. If 

this two-flange loading is located far from free ends of the specimen (ITF) , the 

theoretical results predicted by the European Recommendations 1987 are more 

accurate than those predicted by BS 5950 Part 5 1987. This can be seen in table 5 

and Figures 8.16 - 8.18, where the scatter data of the European Recommendations 

1987 are mostly closer to the ideal values. Thus, in this case, the European 

Recommendations 1987 are better than BS 5950 Part 5 1987 in estimating the 

ultimate web crippling loads of the specimens tested under ITF. Finally, in order to 

achieve the necessary accuracy in using BS 5950 Part 5 1987 and the European 

Recommendations 1987 for predicting the ultimate web crippling loads of the 

specimens whose webs are eccentric to the directions of applied load, it is advisable 

first to consider the type of loading condition which will be applied to the specimens 

before deciding to choose which one of these design specifications is the best to be 

used. 
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CHAPTER' : COMPARISONS OF PUSTIC MECIIANISM APPROACH AND EXPt.·RIMENTS 

9.1. GENERAL. 

In this chapter, the accuracy of theoretical results estimated using the plastic 

mechanism approach is assessed in a similar way as in the case of assessing the 

accuracy of both design specifications used in this research program. Because the 

plastic mechanism approach in this research program is only developed for analysing 

the strength of the specimens subjected to combined web crippling and bending, it 

is therefore necessary to use the experimental results of specimens tested under IOF 

only for verifying estimated results obtained from the plastic mechanism approach. 

The relati ve accuracy of the plastic mechanism approach presented herein corresponds 

to the verification of all estimated values of ultimate web crippling load for 

specimens tested under IOF with MIMe ~ 0.3 and MIMe < 0.3. From the results 

presented in the following tables, Fe still represents experimental ultimate web 

crippling loads and theoretical ultimate web crippling loads estimated using the 

plastic mechanism approach are represented by FCB 1 (The first procedure) and Fcn2 

(The second procedure). 

Besides the accuracy of plastic mechanism approach in predicting the ultimate web 

crippling loads, typical examples of comparing theoretical collapse curves and 

experimental ones are also presented in the form of load vs. web crippling 

deformation. These examples are illustrated by comparing the theoretical collapse 

curves of two specimens, namely HSO-25 and H70-23 with their experimental load-
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deflection curves. Discussions concerning the results of the plastic mechanism 

approach for analysing the web crippling strength of the specimens tested under IOF 

are presented in the last subchapter. 

9.2. SPECIMENS IN TEST SERIES 1 (MIMe ~ 0.3 ). 

Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : Fe/FcB1 and A2 : Fe/FcB2 

No. Specimen nIt hwlt rlt Fe FCBl FCB2 At A2 

(KN) (KN) (KN) 

1 H60-2 27.27 53.42 2.05 4.09 4.75 4.23 0.86 0.97 

2 H60-4 27.27 53.42 2.05 4.14 4.77 4.26 0.87 0.97 

3 H60-7 27.27 54.25 2.05 4.18 4.80 4.28 0.87 0.98 

4 H60-9 27.27 54.23 2.05 4.14 4.77 4.24 0.87 0.97 

5 H60-10 27.27 54.00 2.05 4.09 4.79 4.28 0.85 0.96 

6 H60-18 31.53 54.86 2.03 4.37 5.19 4.66 0.84 0.94 

7 H60-19 31.53 54.06 2.03 4.37 5.21 4.73 0.84 0.92 

8 H60-20 31.53 54.52 2.03 4.35 5.19 4.66 0.84 0.94 

290 



CHAPTER' : COMPARISONS OF PLASTIC MECIIANISM APPROACII AND EXPERIMENTS 

Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : Fe/FcB l and A2 : Fe/Fcn2 

No. Specimen nit hw/t r/t Fe Fcn1 Fcs2 Al A2 

(KN) (KN) (KN) 

9 H60-21 31.53 53.65 2.03 4.39 5.16 4.65 0.85 0.94 

10 H60-22 31.53 53.95 2.03 4.41 5.18 4.67 0.85 0.95 

11 H60-23 36.04 54.06 2.03 4.57 5.44 5.00 0.84 0.91 

12 H60-24 36.04 54.06 2.03 4.61 5.44 5.00 0.85 0.92 

13 H60-25 36.04 54.41 2.03 4.53 5.46 5.00 0.83 0.90 

14 H60-26 36.04 54.77 2.03 4.54 5.47 5.01 0.83 0.91 

15 H60-27 36.04 54.07 2.03 4.57 5.45 5.01 0.84 0.91 

16 H60-28 40.54 55.09 2.03 4.76 5.72 5.35 0.83 0.89 

17 H60-29 40.54 54.54 2.03 4.86 5.70 5.35 0.85 0.91 
I~ : 

18 H60-30 40.54 54.64 2.03 4.78 5.71 5.36 0.84 0.89 

19 H60-31 40.54 54.36 2.03 4.81 5.70 5.35 0.84 0.90 

20 H60-32 40.54 53.74 2.03 4.85 5.69 5.35 0.85 0.91 

21 H60-33 44.64 54.71 2.01 4.89 5.91 5.69 0.83 0.86 

291 



CIIAPTER 9: COMPARISONS OF PLASTIC MeCIIANISM APPROIICI/ liND EXPERIMENTS 

Table 9.1. SERIES 1 (M/Me ~ 0.3) - Al : Fe/FcBt and A2 : Fe/Fco2 

No. Specimen nit hw/t r/t Fe FCBt FCB2 At A2 

(KN) (KN) (KN) 

22 H60-34 45.05 53.26 2.03 4.96 5.89 5.71 0.84 0.87 

23 H60-35 45.05 55.71 2.03 4.88 5.94 5.70 0.82 0.86 

24 H60-36 45.05 55.67 2.03 4.91 5.95 5.71 0.82 0.86 

25 H60-37 45.05 55.21 2.03 4.91 5.94 5.71 0.83 0.86 

26 H70-6 27.27 62.88 2.05 3.97 4.72 4.12 0.84 0.96 

27 H70-7 27.27 62.43 2.05 3.81 4.72 4.11 0.81 0.93 

28 H70-8 27.27 62.03 2.05 3.91 4.70 4.11 0.83 0.95 

29 H70-11 31.53 63.42 2.03 4.25 5.12 4.49 0.83 0.95 

30 H70-12 31.53 63.22 2.03 4.27 5.11 4.48 0.84 0.95 

31 H70-13 31.53 63.14 2.03 4.47 5.09 4.48 0.88 1.00 

32 H70-14 31.53 63.79 2.03 4.40 5.13 4.50 0.86 0.98 

33 H70-15 31.53 62.95 2.03 4.42 5.10 4.49 0.87 0.98 

34 H70-18 36.04 63.68 2.03 4.39 5.38 4.78 0.82 0.92 
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Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : FelFcBI and A2 : FeIFcB2 

No. Specimen nit hw/t r/t Fe FCBt FCB2 Al A2 

(KN) (KN) (KN) 

. 
35 H70-19 36.04 63.33 2.03 4.48 5.37 4.78 0.83 0.94 

36 H70-20 36.04 63.47 2.03 4.40 5.37 4.77 0.82 0.92 

37 H70-21 AO.54 63.51 2.03 4.72 5.82 5.24 0.81 0.90 

38 H70-23 40.54 63.90 2.03 4.65 5.62 5.09 0.83 0.91 

39 H70-24 40.54 63.51 2.03 4.81 5.61 5.09 0.86 0.94 

40 H70-30 40.54 63.22 2.03 4.77 5.61 5.09 0.85 0.94 

41 H70-25 45.05 63.13 2.03 4.98 5.81 5.39 0.86 0.92 

42 H70-26 45.05 63.22 2.03 4.82 5.83 5.40 0.83 0.89 

43 H70-27 45.05 62.76 2.03 4.85 5.80 5.39 0.84 0.90 

44 H70-28 45.05 63.13 2.03 4.89 5.81 5.39 0.84 0.91 

45 H70-29 45.05 63.56 2.03 4.83 5.82 5.39 0.83 0.90 

46 H80-9 27.27 72.26 2.05 4.07 4.82 4.24 0.84 0.96 

47 H80-10 27.27 72.47 2.05 4.11 4.83 4.25 0.85 0.97 
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Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : Fe/FcB1 and A2 : Fe/FcB2 

No. Specimen nit hw/t r/t Fe FCB1 FCB2 Al A2 

(KN) (KN) (KN) 

48 H80-11 27.03 72.55 2.03 4.24 4.89 4.29 0.87 0.99 

49 H80-12 27.03 72.67 2.03 4.31 4.89 4.29 0.88 1.01 

50 HSO-13 27.03 73.26 2.03 4.20 4.89 4.28 0.86 0.98 

51 HSO-14 31.53 72.00 2.03 4.41 5.18 4.59 0.85 0.96 

52 H80-15 31.53 72.12 2.03 4.59 5.18 4.58 0.89 1.00 

53 H80-16 31.53 71.94 2.03 4.46 5.16 4.57 0.86 0.98 

54 H80-17 36.04 72.23 2.03 4.56 5.45 4.85 0.84 0.94 

55 HSO-lS 36.04 71.S1 2.03 4.65 5.43 4.85 0.86 0.96 

56 H80-19 36.04 72.44 2.03 4.60 5.54 4.93 0.83 0.93 

57 HSO-30 36.04 72.28 2.03 4.49 5.45 4.85 0.82 0.93 

58 R80-31 36.04 71.89 2.03 4.56 5.44 4.85 0.84 0.94 

59 HSO-20 40.54 72.16 2.03 4.77 5.44 4.85 0.84 0.94 

60 H80-21 40.54 73.04 2.03 4.68 . 5.69 5.12 0.82 0.91 
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Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : Fe/Fcs l and A2 : Fe/FcB2 

No. Specimen nIt hw/t r/t Fe FCB1 Fcs2 Al A2 

(KN) (KN) (KN) 

61 HSO-22 40.54 71.68 2.03 4.94 5.66 5.10 0.87 0.97 

62 HSO-23 40.54 72.96 2.03 4.82 5.68 5.10 0.85 0.94 

63 HSO-24 40.54 72.71 2.03 4.79 5.69 5.11 0.84 0.94 

64 H80-25 45.05 72.85 2.03 5.16 5.S8 5.36 0.88 0.96 

65 H80-26 44.64 71.82 2.01 4.88 5.98 5.46 0.82 0.89 

66 H80-27 45.05 72.10 2.03 5.07 5.87 5.36 0.86 0.95 

67 H80-28 45.05 71.00 2.03 5.04 5.84 5.35 0.86 0.94 

68 HSO-29 45.05 72.59 2.03 5.04 5.89 5.37 0.86 0.94 

69 H90-10 27.27 80.78 2.05 4.15 4.78 4.15 0.87 1.00 

70 H90-11 27.27 SO.69 2.05 4.13 4.77 4.13 0.87 1.00 

71 H90-12 27.27 81.59 2.05 4.21 4.80 4.15 0.88 1.02 

72 H90-13 27.03 81.64 2.03 4.16 4.88 4.22 0.85 0.99 

73 H90-14 30.00 88.98 2.25 3.25· 4.10 3.54 0.79 0.92 
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Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : Fe/FcB1 and A2 : Fe/FcB2 

No. Specimen nIt hw/t r/t Fe FCBI FCB2 Al A2 

(KN) (KN) (KN) 

74 H90-15 35.00 88.98 2.25 3.35 4.33 3.77 0.77 0.89 

75 H90-16 31.53 82.25 2.03 4.25 5.18 4.51 0.82 0.94 

76 H90-17 31.53 81.00 2.03 4.39 5.15 4.48 0.85 0.98 

77 H90-18 36.04 81.52 2.03 4.51 5.40 4.72 0.84 0.96 

78 H90-19 35.71 80.10 2.01 4.53 5.47 4.80 0.83 0.94 

79 H90-20 36.36 81.82 2.05 4.69 5.32 4.66 0.88 1.01 
," 

80 H90-21 40.54 81.32 2.03 4.64 5.63 4.96 0.83 0.94 

81 H90-22 40.18 80.09 2.01 4.67 5.63 4.96 0.83 0.94 

82 H90-23 40.54 81.32 2.03 4.63 5.64 4.97 0.82 0.93 

83 H90-24 45.45 89.57 2.27 3.55 4.62 4.08 0.77 0.87 

84 H90-25 40.54 81.18 2.03 4.83 5.63 4.97 0.86 0.97 

85 H90-26 45.45 81.77 2.05 4.82 5.73 5.12 0.84 0.94 

86 H90-27 45.05 81.45 2.03 5.07 5.83 5.21 0.87 0.97 
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Table 9.1. SERIES I (MIMe ~ 0.3) - Al : Fe/FcBI and A2 : Fe/FcB2 

No. Specimen nIt hw/t r/t Fe FCB1 FC82 Al A2 

(KN) (KN) (KN) 

87 H90-28 45.05 81.27 2.03 4.78 5.83 5.20 0.82 0.92 

88 H90-29 44.64 79.96 2.01 5.12 5.89 5.27 0.87 0.97 

89 H90-30 45.05 81.43 2.03 4.74 5.83 5.20 0.81 0.91 

90 H100-1 30.00 99.35 2.25 3.41 4.16 3.53 0.82 0.97 

. 91 H100-2 30.00 99.96 2.25 3.41 4.16 3.53 0.82 0.97 

92 H100-3 30.00 98.97 2.25 3.42 4.14 3.51 0.82 0.97 

93 HI00-4 30.30 102.09 2.27 3.29 4.09 3.47 0.80 0.95 

94 H100-5 30.30 101.29 2.27 3.29 4.10 3.47 0.80 0.95 

95 H100-6 35.35 101.53 2.27 3.27 4.31 3.66 0.76 0.89 

96 H100-7 35.71 102.58 2.30 3.31 4.24 3.60 0.78 0.92 

97 H100-8 35.00 99.90 2.25 3.53 4.38 3.73 0.81 0.95 

98 H100-9 35.00 99.60 2.25 3.47 4.36 3.72 0.80 0.93 

99 H100-1O 35.00 99.90 2.25 3.43 4.37 3.73 0.78 0.92 
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Table 9.1. SERIES 1 (MIMe ~ 0.3) - At : Fe/FcB1 and A2 : Fe/FcB2 

No. Specimen nit hw/t r/t Fe FCB1 FCB2 Al A2 

(KN) (KN) (KN) 

100 H100-11 40.00 99.60 2.25 3.74 4.55 3.91 0.82 0.96 

101 H100-12 40.00 98.51 2.25 3.49 4.52 3.S9 0.77 0.90 

102 H100-13 40.00 99.75 2.25 3.67 4.56 3.92 0.81 0.94 

103 H100-14 40.00 99.60 2.25 3.51 4.55 3.91 0.77 0.90 

104 HI00-15 40.82 101.81 2.30 3.53 4.40 3.78 0.80 0.93 

105 H100-16 45.00 98.97 2.25 3.72 4.71 4.08 0.79 0.91 

106 H100-17 45.00 100.0S 2.25 3.81 4.72 4.09 0.81 0.93 

107 H100-18 45.00 100.26 2.25 3.82 4.73 4.09 0.81 0.93 

108 H100-19 45.45 102.32 2.27 3.64 4.66 4.02 0.78 0.91 

109 HI00-20 45.45 100.39 2.27 3.66 4.63 4.02 0.79 0.91 

110 H100-21 50.00 99.52 2.25 3.88 4.86 4.26 0.80 0.91 

111 H100-22 50.51 101.39 2.27 3.81 4.81 4.20 0.79 0.91 

112 HI00-23 50.00 100.11 2.25 3.83 4.88 4.26 0.79 0.90 
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Table 9.1. SERIES I (MIMe ~ 0.3) - Al : Fe/Fcni and A2 : Fe/Fcn2 

No. Specimen nit hw/t r/t Fe Fcn i Fcn2 Al A2 

(KN) (KN) (KN) 

113 HI00-24 51.02 102.48 2.30 3.87 4.72 4.12 0.82 0.94 

114 H100-25 50.00 100.24 2.25 3.90 4.88 4.26 0.80 0.91 

115 H100-52 30.00 101.33 2.25 3.25 4.37 3.70 0.74 0.88 

116 H100-53 30.61 104.89 2.30 3.16 4.25 3.60 0.74 0.88 
'. 

117 H100-54 30.00 100.52 3.25 3.11 4.36 3.66 0.71 0.85 

118 H100-55 30.00 99.39 3.25 3.11 4.34 3.64 0.72 0.86 

119 H100-56 30.61 100.82 4.34 2.89 4.21 3.49 0.70 0.84 

120 H100-57 30.93 101.87 4.38 2.89 4.14 3.42 0.70 0.84 

121 H100-58 40.40 103.56 2.27 4.10 4.76 4.06 0.86 1.01 

122 H100-59 40.82 105.44 2.30 4.10 4.68 3.99 0.88 1.03 

123 H100-60 40.40 100.61 3.28 4.07 4.71 4.02 0.86 1.01 

124 H100-61 41.67 104.04 3.39 3.87 4.48 3.82 0.86 1.01 

125 H100-62 40.00 99.36 4.25 3.96· 4.78 4.04 0.83 0.98 
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Table 9.1. SERIES 1 (MIMe ~ 0.3) - Al : Fe/FcB1 and A2 : Fe/Fc82 

No. Specimen nIt hw/t r/t Fe FCBl FCB2 Al A2 

(KN) (KN) (KN) 

126 HI00-63 40.40 99.01 4.29 3.83 4.68 3.97 0.82 0.96 

127 HI00-64 50.51 103.29 2.27 4.09 5.08 4.42 0.80 0.93 

128 H100-65 51.55 106.25 2.32 4.25 4.92 4.30 0.86 0.99 

129 H100-66 49.50 98.95 2.23 4.16 5.14 4.50 0.81 0.92 

130 H100-67 50.51 100.42 3.28 3.94 5.04 4.40 0.78 0.89 

131 HIOO-68 49.50 97.40 4.21 3.96 5.20 4.54 0.76 0.87 

132 HI00-69 50.00 98.00 4.25 4.00 5.11 4.47 0.78 0.90 

Table 9.1. SERIES 1 (MIMe ~ 0.3) 

Statistical measures of 

accuracy of A 1 and A2 Al A2 

Mean 0.827 0.935 

Standard deviation 0.038 0.041 

Coeff. of variation 0.046 0.044 
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Fe / FCB1 
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Figure 9.1. F JFCB 1 vs. bearing length ratio, for MIMe ~ 0.3. 
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Figure 9.2. F JFcB2 vs. bearing length ratio, for MIMe ~ 0.3. 
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2.T---------------------------------Fe : EXPERIUENTAL ULTlUATE LOAD (IOF) 
FCB 1 : CALCULATED FROM THE FIRST PROCEDURE 
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Figure 9.3. Fc/FcBl vs. web slenderness ratio, for MIMe ~ 0.3. 
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Figure 9.4. F c/FcB2 vs. web slenderness ratio, for MIMe ~ 0.3. 
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Figure 9.5. Theoretical load Fcsl vs. experimental load Fe' for MIMe ~ 0.3. 
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Figure 9.6. Theoretical load Fcn2 vs. experimental load Fe' for MIMe ~ 0.3. 
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9.3. SPECIMENS IN TEST SERIES 2 (MIMe < 0.3). 

Table 9.2. SERIES 2 (MIMe < 0.3) - Al : Fe/FcB1 and A2 : Fe/Fcs2 

No. Specimen nIt hw/t r/t Fe FCBI Fcs2 Al A2 

(KN) (KN) (KN) 

1 H60-6 40.40 60.59 3.79 4.36 5.44 5.30 0.80 0.82 

2 H60-8 40.00 59.62 3.50 4.27 5.53 5.30 0.77 0.81 

3 H60-11 40.00 60.26 3.25 4.45 5.54 5.30 0.80 0.84 

4 H60-12 51.02 60.33 3.32 4.67 5.83 5.52 0.80 0.85 

5 H60-38 50.00 61.12 3.75 4.89 6.07 5.52 0.81 0.89 

6 H60-39 50.00 59.40 3.50 4.76 6.02 5.52 0.79 0.86 

7 H80-35 40.40 80.61 3.79 4.38 5.39 4.95 0.81 0.88 

8 H80-36 40.00 80.20 3.75 4.36 5.49 5.03 0.79 0.87 

9 H80-37 40.00 79.48 3.75 4.36 5.48 4.94 0.80 0.88 

10 HSO-38 50.51 SO.55 3.79 4.89 4.87 4.19 0.88 1.03 

11 H80-39 50.51 80.61 3.79 4.89 4.86 4.19 0.92 1.07 

12 HSO-40 50.00 79.38 3.75 5.07 4.86 4.18 0.92 1.07 

13 HlOO-28 30.30 101.01 4.04 3.76' 4.73 3.86 0.79 0.97 
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Table 9.2. SERIES 2 (MIMe < 0.3) - Al : Fe/FcnI and A2 : Fe/FcB2 

No. Specimen nIt hw/t r/t Fe Fcn1 Fcn2 Al A2 

(KN) (KN) (KN) 

14 H100-29 40.00 99.58 4.00 4.45 5.37 4.59 0.83 0.97 

15 H100-30 40.00 99.98 4.00 4.45 5.38 4.60 0.83 0.97 

16 HI00-31 40.00 101.94 4.00 4.47 5.41 4.60 0.83 0.97 

17 H100-32 50.51 101.94 4.04 4.53 5.73 5.15 0.79 0.88 

18 H100-33 50.00 99.78 4.00 4.71 5.80 5.23 0.81 0.90 

19 H100-34 50.00 99.80 4.00 4.53 5.82 5.26 0.78 0.86 

20 H100-36 30.00 101.88 2.25 4.27 4.85 4.03 0.88 1.06 

21 H100-37 30.30 99.41 3.28 4.27 4.95 4.12 0.86 1.04 

22 HI00-41 39.60 100.97 2.23 4.58 5.51 4.77 0.83 0.96 

23 H100-42 40.40 103.05 2.27 4.71 5.61 4.84 0.84 0.97 

24 H100-44 39.60 98.63 3.22 4.89 5.47 4.69 0.89 1.04 

25 H100-47 50.51 102.40 2.27 5.20 6.04 5.49 0.86 0.95 

26 H100-49 50.50 100.83 3.28 5.18 6.02 5.43 0.86 0.95 

27 H100-50 50.00 98.00 4.25 5.18 6.08 5.53 0.85 0.94 
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Table 9.2. SERIES 2 (MIMe < 0.3) 

Statistical measures of 

accuracy of A I and A2 Al A2 

Mean 0.830 0.937 

Standard deviation 0.042 0.079 

Coeff. of variation 0.051 0.084 

Fe I FCB1 
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0.4 
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n / t 

Figure 9.7. F JFCB 1 vs. bearing length ratio, for MIMe < 0.3. 
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Figure 9.8. F JFcB2 vs. bearing length ratio. for MIMe < 0.3. 
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Figure 9.9. Theoretical load FeBl vs. experimental load Fe. for MIMe < 0.3. 
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Figure 9.10. Theoretical load FCB2 vs. experimental load Fe. for MIMe < 0.3. 

9.4. THEORETICAL COLLAPSE AND EXPERIMENTAL CURVES. 
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Figure 9.11. Collapse curve of specimen HSO-25. 
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1e~------------------------------~ 
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Figure 9.12. Collapse curve of specimen H70-23. 

9.5. DISCUSSION. 

Figures 9.1 - 9.10 (see also appendix F) show the accuracy of using the idealized 

plastic mechanism model of web crippling failure (Figure 7.3) for analysing ultimate 

web crippling loads of the specimens subjected to combined actions of web crippling 

and bending (IOF). It can be seen in the figures that the theoretical results estimated 

using this model mostly tend to overestimate the experimental results. However, the 

accuracy of the theoretical values obtained from the first and the second procedures 

is mostly still scattered within the acceptable limits :± 20%. In reducing the over-

predicted results, a reduction factor only (the first procedure) is actually not enough 
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to be used in the analysis, but if its application is complemented by the reduced total 

energy dissipation at the plastic hinge lines (the second procedure), the improvement 

of the over-predicted results can be achieved. This can be seen from the statistical 

analyses that the results of the second procedure, on average, deviate only 6.3% -

6.5% from the experimental values, while the average accuracy of the first procedure 

reaches 17.0% - 17.3%. It can also be found out from the figures that the accuracy 

of the theoretical values is not affected by variations of applied bending moment and 

parameters such as nit and hw/t. 

Figures 9.11 and 9.12 show the comparisons of theoretical collapse curves and the 

actual load-deflection curves of specimens H80-25 and H70-23. The theoretical 

collapse behaviour of both specimens estimated using the second procedure tends to 

underestimate their actual load carrying capacities during collapse. The figures also 

show the difference of actual and theoretical collapse behaviour of the specimens, 

where the decrease of load carrying capacity in the actual behaviour is more gradual 

than that in both theoretical curves. Although the actual collapse behaviour of the 

specimens has not yet been properly predicted, but from the accuracy point of view, 

the application of the idealized plastic mechanism model developed in this research 

program can result in variations of the theoretical values which are mostly still 

scattered within the acceptable limits. Nevertheless, most of the theoretical results are 

non-conservative and this means that the method used to analyse the idealized plastic 

mechanism model in this research program is actually an upper bound method. 
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CHAPTER 10: CONCLllS10NS 

10. CONCLUSIONS. 

The web crippling strength of cold-formed plain channel steel section beams has been 

investigated through this research program and this chapter presents the research 

findings. The investigations were carried out theoretically and experimentaIJy, and 

also involved the application of two different design specifications, namely BS 5950 

Part 5 1987 and European Recommendations 1987. In the theoretical investigations, 

an idealized plastic mechanism model of web crippling failure was developed and this 

model is used to analyse the web crippling strength of cold-formed plain channel 

steel section beams subjected to combined actions of web crippling and bending. 

Experimental investigations of web crippling have been conducted for many plain 

channel beams with various dimensions and loading conditions as specified by AISI 

1986. The results of the experiments are used for comparison with the results 

obtained from the analytical theory and both design specifications, so that their 

relative accuracy in predicting the web crippling strength of cold-formed plain 

channel steel section beams can be evaluated. The experimental results reveal that the 

web crippling strength of the plain channel beams is affected by various factors. 

From the three parameters studied, the bearing length ratio (nit) and the inside bend 

radius ratio (r/t) have a significant influence on the web crippling strength of the 

plain channel beams while the web slenderness ratio (hw/t) only significantly affects 

the web crippling strength of the plain channel beams subjected to end one-flange 
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loading conditions. 

With regard to the plain channel beams subjected to combined actions of web 

crippling and bending, the magnitude of bending moment has a significant role in 

influencing their ultimate web crippling loads. Figure 3.12 shows the influence of 

applied bending moment on the web crippling strength of the plain channel beams 

under rOF loading conditions, where the larger the values of applied bending 

moment, the lower the values of concentrated load which can be carried by the plain 

channel beams. These types of beam will be stronger to carry the concentrated loads 

if the bending moment applied on them is relatively small. The web crippling 

strength of the plain channel beams depends also on the types of loading condition, 

where irrespective of whether the loads are applied on one side or on both sides of 

their flanges the beams are generally able to carry substantially greater concentrated 

loads applied far from their free ends than applied exactly at their free ends. 

The verification of both design specifications used in this research program indicates 

that the consistency of theoretical results estimated by BS 5950 Pan 5 1987 and 

European Recommendations 1987 depends also on the types of loading condition. In 

the case of plain channel beams subjected to combined actions of web crippling and 

bending, the application of BS 5950 Pan 5 1987 tends to be unsafe if the applied 

bending moment is relatively large. But if the applied bending moment is relatively 

small, BS 5950 Part 5 1987 can result in safer predictions. On the other hand, in all 

312 



CHAPTER 10: CONCLlTSIONS 

cases of the applied bending moment the European Recommendations 1987 can give 

extremely safe results although their accuracy is mostly beyond the expected one. The 

large or small values of applied bending moment are measured with respect to the 

moment capacity of the plain channel beams. In this research program, the applied 

bending moment is considered to be relatively large if its ratio to the moment 

capacity (MIMe) is equal or greater than 0.3. Conversely, if the ratio of applied 

bending moment to the moment capacity is less than 0.3, the applied bending moment 

is therefore considered to be relatively small. 

Basically, the criteria of determining the moment capacity required by BS 5950 Part 

5 1987 and European Recommendations 1987 are similar, that is, the moment 

capacity should be determined according to the maximum compressive stress in the 

web and the effective width of compression elements. The difference of both design 

specifications in determining the moment capacity is in the implementation of the 

criteria where this can be summerized as follows : 

_ BS 5950 Part 5 1987 uses the limiting compressive stress as expressed in 

equation (4.2.1) for calculating the maximum compressive stress in the web, 

while European Recommendations 1987 use the yield strength of basic 

material for it. 

- The calculation of effective width in BS 5950 Part 5 1987 is applied to the 

compression elements only, whereas in European Recommendations 1987 it 

is applied to the compression elements as well as compression parts of 
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bending elements. 

- The effect of shear lag is not considered by BS 5950 Part 5 1987 in 

calculating the effective width, but it is considered by European 

Recommendations 1987 in calculating the effective width of compression 

elements of flexural members with short spans. 

As a result of these above differences, the moment capacity of the plain channel 

beams calculated using BS 5950 Part 5 1987 is also different compared with that 

calculated using European Recommendations 1987. The moment capacity obtained 

from BS 5950 Part 5 1987 is generally higher than that obtained from the European 

Recommendations 1987. In this thesis, measures of the large or small bending 

moment are based on the moment capacity obtained from BS 5950 Part 5 1987. 

Both of the design specifications have the same tendency if they are used to predict 

the web crippling strength of the plain channel beams subjected to end loadings. The 

design specifications tend to underestimate the actual web crippling strength of the 

plain channel beams under end one-flange loadings and they will tend to overestimate 

it if the beams are subjected to end two-flange loadings. The formula of BS 5950 

Part 5 1987 expressed in the second row of table 2 is actually not quite accurate to 

estimate the web crippling strength of the plain channel beams under these types of 

loading. As can be seen in Figures 8.9 - 8.12, the accuracy of the theoretical values 

calculated using this formula deviates very far from the expected one. The results of 

statistical analysis also show that the average theoretical values are 79% lower than 
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the actual ones. These estimated values are of course very safe but the application of 

the fonnula for this type of section beam is actually inefficient and it is advisable to 

revise the fonnula before using it in calculations. In the case of estimating the web 

crippling strength of the plain channel beams under interior two-flange loadings, 

European Recommendations 1987 are better than BS 5950 Part 5 1987 because their 

estimated results are mostly safe and closer to the actual ones. 

In the plastic mechanism approach, the idealized plastic mechanism model of web 

crippling failure has been analysed using the method of yield line analysis. The 

analysis is carried out according to an energy method. This method is based on the 

equilibrium of external energy caused by the applied loads and the total energy 

dissipation at the plastic hinge lines. The model is also analysed using an elastic 

theory and load-deflection expressions obtained from the plastic mechanism and 

elastic analyses are used to detennine the ultimate web crippling loads, where this is 

accomplished by means of iteration methods. In order to minimize the over-predicted 

results of ultimate web crippling load, two different procedures of the plastic 

mechanism analysis have been perfonned. i.e. the first procedure is based on the 

application of a reduction factor only, while the second procedure is based on the 

application of the reduction factor and reduced total energy dissipation at the plastic 

hinge lines. 

The accuracy of the theoretical results estimated by both procedures has also been 
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verified and it can be seen that the results of the second procedure are quite better 

than those of the first procedure. Most of the theoretical values estimated by these 

procedures are consistently scattered within the non-conservative region and it is 

evident that the energy method applied in this plastic mechanism analysis is actually 

an upper bound method. From the statistical analysis, the average accuracy of using 

the mechanism model and the design specifications for the same loading conditions 

is as follows : 

- Loading condition IOF 

- M/M c ~ 0.3 

- Plastic mechanism model : 

- the first procedure - 17.3 % 

- the second procedure - 6.5% 

- BS 5950 Part 5 1987 - 6.8% 

- European Recommendations 1987 29.4% 

IOF 

< 0.3 

- 17.0% 

- 6.3% 

7.0% 

33.7% 

Further investigations on the application of the idealized plastic mechanism model are 

still needed and it is suggested that the application of this model is extended for 

analysing the web crippling strength of the plain channel beams with larger 

dimensions and longer spans. The beam should be made of various materials instead 

of using Galvanized Steel BS 2989 Sheet Z 28 only and the thickness of the beams 

should also be varied. In order to minimize the theoretical values estimated using the 

energy method in the plastic mechanism analysis, it is also advisable to try to use the 
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reduced moment resisting capacity of the plastic hinge in determining the energy 

dissipation at the plastic hinge lines. The reduced moment resisting capacity should 

be taken into account especially in the detennination of the energy dissipation at the 

plastic hinge lines which are directly affected by uniformly axial loads only, while 

the fully plastic moment can still be used for detennining the energy dissipation at 

the other hinge lines. By combining the energy dissipation detennined in this way 

and equating it to the external energy due to applied loads, it is expected the reduced 

load carrying capacity can be obtained without introducing a reduction factor and 

reducing the total energy dissipation at the plastic hinge lines. This proposed method 

should also be compared with the first and the second procedures of the plastic 

mechanism analysis established in this thesis in order to see which one of these 

methods is actually the best to be used for obtaining the theoretical values which are 

closer to the actual ones. 
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APPENDIX A 

SPECIMEN DIMENSIONS AND BEARING LENGTHS 

Table AI. Specimens for IOF (MIMe ~ 0.3) 

No. Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

1 H60-2 8.76 31.93 2.25 1.10 300 360 30 

2 H60-4 58.76 33.40 2.25 1.10 300 360 30 

3 H60-7 59.67 34.04 2.25 1.10 300 360 30 

4 H60-9 59.65 32.29 2.25 1.10 300 360 30 

5 H60-1O 59.40 34.06 2.25 1.10 300 360 30 

6 H60-18 60.90 31.50 2.25 1.11 300 360 35 

7 H60-19 60.01 31.75 2.25 1.11 300 360 35 

8 H60-20 60.52 31.70 2.25 1.11 300 360 35 

9 H60-21 59.55 31.75 2.25 1.11 300 360 35 

10 H60-22 59.88 32.51 2.25 1.11 300 360 35 

11 H60-23 60.01 31.75 2.25 1.11 300 360 40 

n : bearing length and the other symbols are defined in Figure 3.3. 
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No. 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

Table A 1. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t I L 

(mm) (mm) (mm) (mm) (mm) (mm) 

H60-24 60.01 31.75 2.25 1.11 300 360 

H60-25 60.39 31.75 2.25 1.11 300 360 

H60-26 60.80 31.75 2.25 1.11 300 360 

H60-27 60.01 32.08 2.25 1.11 300 360 

H60-28 61.15 31.50 2.25 1.11 300 360 

H60-29 60.54 31.75 2.25 1.11 300 360 

H60-30 60.65 31.75 2.25 1.11 300 360 

H60-31 60.34 31.62 2.25 1.11 300 360 

H60-32 59.65 32.00 2.25 1.11 300 360 

H60-33 61.28 31.75 2.25 1.11 304 362 

H60-34 59.12 32.51 2.25 1.11 302 362 

H60-35 61.84 31.50 2.25 1.11 302 360 

H60-36 61.79 31.37 2.25 1.11 300 360 

H60-37 61.28 31.37 2.25 1.11 300 360 

n : bearing length and the other symbols are defined in Figure 3.3. 
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No. 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

Table AI. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

H70-6 69.17 32.77 2.25 1.10 350 410 

H70-7 68.67 32.69 2.25 1.10 350 410 

H70-8 68.23 32.78 2.25 1.10 350 410 

H70-11 70.40 31.95 2.25 1.11 351 411 

H70-12 70.17 31.72 2.25 1.11 351 411 

H70-13 70.09 31.65 2.25 1.11 351 412 

H70-14 70.81 31.88 2.25 1.11 350 411 

H70-15 69.87 32.26 2.25 1.11 351 411 

H70-18 70.68 31.65 2.25 1.11 352 411 

H70-19 70.30 31.90 2.25 1.11 352 411 

H70-20 70.45 31.29 2.25 1.11 351 411 

H70-21 70.50 31.50 2.25 1.11 350 410 

H70-23 70.93 31.39 2.25 1.11 352 410 

H70-24 70.50 31.70 2.25 1.11 350 410 

n : bearing length and the other symbols are defined in Figure 3.3. 

327 

30 

30 

30 

35 

35 

35 

35 

35 

40 

40 

40 

45 

45 

45 



No. 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

Table AI. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

H70-30 70.17 31.75 2.25 1.11 350 400 

H70-25 70.07 31.75 2.25 1.11 350 410 

H70-26 70.17 32.26 2.25 1.11 350 410 

H70-27 69.66 32.08 2.25 1.11 350 410 

H70-28 70.07 32.08 2.25 1.11 350 410 

H70-29 70.55 31.75 2.25 1.11 350 410 

H80-9 79.49 42.34 2.25 1.10 398 459 

H80-10 79.72 42.67 2.25 1.10 398 460 

H80-11 80.53 41.96 2.25 1.11 402 463 

HSO-12 SO.66 41.66 2.25 1.11 402 463 

H80-13 81.32 41.12 2.25 1.11 402 461 

H80-14 79.92 42.34 2.25 1.11 402 463 

H80-15 SO.05 41.76 2.25 1.11 402 463 

HSO-16 79.85 42.09 2.25 1.11 402 462 

n : bearing length and the other symbols are defined in Figure 3.3. 
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67 

Table A 1. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

H80-17 80.18 42.09 2.25 1.11 402 463 

H80-18 79.72 41.91 2.25 1.11 402 463 

H80-19 80.41 41.91 2.25 1.12 402 462 

H80-30 80.23 41.91 2.25 1.11 402 463 

H80-31 79.80 42.14 2.25 1.11 402 462 

H80-20 80.10 41.88 2.25 1.11 402 463 

H80-21 81.07 41.78 2.25 1.11 402 463 

H80-22 79.57 41.78 2.25 1.11 402 462 

H80-23 80.99 41.25 2.25 1.11 403 463 

HSO-24 SO.71 41.71 2.25 1.11 402 463 

HSO-25 80.66 41.10 2.25 1.11 402 463 

H80-26 80.44 41.91 2.25 1.12 402 462 

H80-27 80.03 41.61 2.25 1.11 402 462 

HSO-28 78.81 41.63 2.25 1.11 402 463 

n : bearing length and the other symbols are defined in Figure 3.3. 

329 

40 

40 

40 

40 

40 

45 

45 

45 

45 

45 

50 

50 

50 

50 



No. 

68 

69 

70 

71 

72 

73 

74 

75 

76 

77 

78 

79 

80 

81 

Table AI. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

H80-29 80.58 41.83 2.25 1.11 402 462 

H90-10 88.86 42.80 2.25 1.10 453 510 

H90-11 88.76 42.34 2.25 1.10 453 510 

H90-12 89.75 42.16 2.25 1.10 450 512 

H90-13 90.62 41.86 2.25 1.11 450 513 

H90-14 88.98 42.04 2.25 1.00 451 512 

H90-15 88.98 42.04 2.25 1.00 451 513 

H90-16 91.30 42.34 2.25 1.11 451 513 

H90-17 89.91 41.83 2.25 1.11 451 513 

H90-18 90.49 41.25 2.25 1.11 451 513 

H90-19 89.71 42.09 2.25 1.12 451 513 

H90-20 90.00 42.14 2.25 1.10 451 513 

H90-21 90.26 41.50 2.25 1.11 451 513 

H90-22 89.70 42.39 2.25 1.12 451 513 

n : bearing length and the other symbols are defined in Figure 3.3. 
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No. 

82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

92 

93 

94 

95 

Table AI. Specimens for rOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L 

(mm) (mm) (mm) (mm) (mm) (mm) 

H90-23 90.26 41.63 2.25 1.11 450 512 

H90-24 88.67 42.19 2.25 0.99 451 512 

H90-25 90.11 42.14 2.25 1.11 451 512 

H90-26 89.95 42.14 2.25 1.10 451 512 

H90-27 90.41 42.24 2.25 1.11 451 513 

H90-28 90.21 42.09 2.25 1.11 451 512 

H90-29 89.55 41.96 2.25 1.12 451 512 

H90-30 90.39 41.68 2.25 1.11 451 512 

HlOO-l 99.35 41.91 2.25 1.00 500 562 

H100-2 99.96 41.91 2.25 1.00 501 562 

HlOO-3 98.97 42.01 2.25 1.00 502 563 

H100-4 101.07 41.28 2.25 0.99 501 562 

H100-5 100.28 41.91 2.25 0.99 502 562 

H100-6 100.51 41.15 2.25 0.99 501 562 

n : bearing length and the other symbols are defined in Figure 3.3. 
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96 

97 

98 

99 

100 

101 

102 

103 
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108 

109 

Table AI. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

HI00-7 100.53 41.15 2.25 0.98 501 562 

HI00-8 99.90 41.91 2.25 1.00 501 562 

HI00-9 99.60 41.91 2.25 1.00 502 563 

H100-10 99.90 41.91 2.25 1.00 501 562 

H100-11 99.60 42.14 2.25 1.00 502 562 

H100-12 98.51 41.14 2.25 1.00 502 563 

H100-13 99.75 42.24 2.25 1.00 502 563 

H100-14 99.60 42.24 2.25 1.00 502 563 

H100-15 99.77 41.93 2.25 0.98 502 563 

Hloo-16 98.97 42.24 2.25 1.00 502 563 

H100-17 100.08 41.63 2.25 1.00 502 562 

HIOO-I8 100.26 41.78 2.25 1.00 502 562 

H100-19 101.30 40.89 2.25 0.99 501 562 

H100-20 99.39 42.11 2.25 0.99 503 562 

n : bearing length and the other symbols are defined in Figure 3.3. 
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No. 

110 

111 

112 

113 

114 

115 

116 

117 

118 

119 

120 

121 

122 

123 

Table AI. Specimens for IOF (MIMe ~ 0.3) 

Specimen hw B r t 1 L 

(mm) (mm) (mm) (mm) (mm) (mm) 

HlOO-21 99.52 42.04 2.25 1.00 503 562 

HlOO-22 100.38 42.11 2.25 0.99 502 563 

HlOO-23 100.11 41.91 2.25 1.00 502 562 

H100-24 100.43 41.73 2.25 0.98 502 562 

H100-25 100.25 41.78 2.25 1.00 502 563 

HlOO-52 101.33 40.80 2.25 1.00 500 560 

H100-53 102.79 40.80 2.25 0.98 500 560 

H100-54 100.52 42.36 3.25 1.00 500 560 

H100-55 99.39 41.88 3.25 1.00 500 560 

H100-56 98.80 43.76 4.25 0.98 500 560 

H100-57 98.81 43.49 4.25 0.97 500 560 

HlOO-58 102.52 40.90 2.25 0.99 500 560 

H100-59 103.33 40.42 2.25 0.98 500 560 

HIOO-60 99.60 42.50 3.25 0.99 500 560 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A 1. Specimens for IOF (MIMe ~ 0.3) 

No. Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

124 HlOO-61 99.88 42.80 3.25 0.96 500 560 40 

125 HI00-62 99.36 42.86 4.25 1.00 500 560 40 

126 HI00-63 98.02 43.22 4.25 0.99 500 560 40 

127 H100-64 102.25 40.58 2.25 0.99 500 560 50 

128 HlOO-65 103.06 40.88 2.25 0.97 500 560 50 

129 H100-66 99.94 42.30 3.25 1.01 500 560 50 

130 HI00-67 99.42 42.62 3.25 0.99 500 560 50 

131 HI00-68 98.37 43.31 4.25 1.01 500 560 50 

132 HlOO-69 98.00 43.53 4.25 1.00 500 560 50 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A2. Specimens for IOF (MIMe < 0.3) 

Specimen hw B r t I L 

(mm) (mm) (mm) (mm) (mm) (mm) 

H60-6 59.98 32.26 3.75 0.99 175 235 

H60-8 59.62 32.78 3.50 1.00 176 237 

H60-11 60.26 31.40 3.25 1.00 175 235 

H60-12 59.12 33.26 3.25 0.98 177 237 

H60-38 61.12 31.98 3.75 1.00 174 235 

H60-39 59.40 32.10 3.50 1.00 175 235 

H80-35 79.80 32.00 3.75 0.99 230 290 

H80-36 80.20 32.16 3.75 1.00 230 290 

H80-37 79.48 32.50 3.75 1.00 230 290 

H80-38 79.74 32.80 3.75 0.99 230 290 

H80-39 79.80 32.00 3.75 0.99 230 290 

H80-40 79.38 32.42 3.75 1.00 230 290 

HIOO-28 100.00 32.46 4.00 0.99 300 360 

HlOO-29 99.58 32.16 4.00 1.00 300 359 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A2. Specimens for IOF (MIMe <OJ) 

No. Specimen hw B r t 1 L n 

(mm) (mm) (mm) (mm) (mm) (mm) (mm) 

15 HI00-30 99.98 32.20 4.00 1.00 300 360 40 

16 H100-31 101.94 31.68 4.00 1.00 300 360 40 

17 H100-32 100.92 32.00 4.00 0.99 300 360 50 

18 HI 00"';33 99.78 32.00 4.00 1.00 300 360 50 

19 H100-34 99.80 33.50 4.00 1.00 300 360 50 

20 H100-36 101.88 30.50 2.25 1.00 300 360 30 

21 HI00-37 98.42 32.11 3.25 0.99 300 360 30 

22 H100-41 101.98 30.70 2.25 1.01 300 360 40 

23 HI 00-42 102.02 30.60 2.25 0.99 300 360 40 

24 HI 00-44 99.62 32.00 3.25 1.01 300 360 40 

25 H100-47 101.38 30.90 2.25 0.99 300 360 50 

26 H100-49 98.82 32.50 3.25 0.99 300 360 50 

27 HI00-50 98.00 33.50 4.25 1.00 300 360 50 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A3. Specimens for EOF 

Specimen hw B r t L n 

(mm) (mm) (mm) (mm) (mm) (mm) 

S 100-1 99.36 32.00 4.00 1.00 360 30 

S100-2 99.92 32.00 4.00 0.99 360 30 

S100-3 100.02 31.58 4.00 0.99 360 30 

S 100-4 100.82 31.90 4.00 0.99 360 40 

S100-5 100.38 31.88 4.00 0.99 360 40 

S 100-6 101.14 31.84 4.00 1.00 360 40 

S100-7 100.00 31.68 4.00 1.00 360 SO 

S 100-8 100.16 32.S6 4.00 1.00 360 SO 

S100-9 99.28 32.36 4.00 1.00 360 SO 

S80-1 79.68 33.20 3.75 1.00 290 30 

S80-2 80.00 31.90 3.75 1.00 289 30 

S80-3 80.20 32.66 3.7S 1.00 290 30 

S80-4 79.S8 32.00 3.75 1.00 290 40 

S80-S 80.00 31.90 3.75 1.00 290 40 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A3. Specimens for EOF 

No. Specimen hw B r t L n 

(mm) (mm) (mm) (mm) (mm) (mm) 

15 S80-6 81.98 31.58 3.75 0.98 290 40 

16 S80-7 79.00 32.46 3.75 1.00 290 50 

17 S80-8 79.50 33.00 3.75 1.00 290 50 

18 S80-9 79.50 33.00 3.75 1.00 290 50 

19 S60-1 59.80 32.26 3.50 0.99 235 30 

20 S60-2 59.40 32.40 3.50 0.99 235 30 

21 S60-3 59.68 32.00 3.50 1.00 235 30 

22 S60-4 59.78 32.58 3.50 1.00 235 40 

23 S60-5 59.70 32.00 3.50 1.00 235 40 

24 S60-6 59.38 32.68 3.50 1.00 235 40 

25 S60-7 60.00 31.60 3.50 1.00 235 50 

26 S60-8 59.50 32.20 3.50 1.00 235 50 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A4. Specimens for ETF 

Specimen hw B r t L n 

(mm) (mm) (mm) (mm) (mm) (mm) 

H4-1 71.36 30.48 2.00 1.11 199 30 

H4-2 71.60 30.64 2.25 1.10 200 30 

H4-3 72.08 30.76 2.00 1.11 200 30 

H4-4 72.12 30.72 2.00 1.10 200 40 

H4-5 72.38 30.80 2.00 1.11 200 40 

H4-6 72.26 30.44 2.00 1.09 200 40 

H4-7 72.04 30.78 2.25 1.09 200 50 

H4-8 72.22 30.80 2.25 1.09 199 50 

H4-9 71.28 30.80 2.25 1.09 200 50 

H5-1 103.00 30.98 2.25 1.10 200 30 

H5-2 101.88 30.90 2.25 1.10 200 30 

H5-3 101.82 30.88 2.25 1.11 200 30 

H5-4 101.56 30.72 2.25 1.11 200 40 

H5-5 101.76 30.80 2.25 1.11 200 40 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A4. Specimens for ETF 

Specimen hw B r t L n 

(mm) (mm) (mm) (mm) (mm) (mm) 

H5-6 101.82 30.90 2.25 1.10 200 40 

H5-7 102.90 30.62 2.25 1.10 200 50 

H5-8 102.50 30.90 2.25 1.10 200 50 

H5-9 102.20 30.90 2.25 1.11 200 50 

n : bearing length and the other symbols are defined in Figure 3.3. 

Table A5. Specimens for ITF 

Specimen hw B r t L n 

(mm) (mm) (mm) (mm) (mm) (mm) 

H6-1 71.42 30.52 2.00 1.11 299 30 

H6-2 71.20 30.68 2.00 1.11 300 30 

H6-3 70.58 30.86 2.00 1.12 300 30 

H6-4 71.12 30.70 2.00 1.11 300 40 

H6-5 71.22 30.68 2.00 1.11 300 40 

n : bearing length and the other symbols are defined in Figure 3.3. 
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Table A5. Specimens for ITF 

No. Specimen hw B r t L n 

(mm) (mm) (mm) (mm) (mm) (mm) 

6 H6-6 70.68 30.80 2.00 1.11 300 40 

7 H6-7 71.10 30.72 2.00 1.12 300 50 

8 H6-8 71.32 30.56 2.00 1.11 300 50 

9 H6-9 71.18 30.60 2.00 1.11 300 50 

10 H7-1 101.64 30.62 2.00 1.10 360 30 

11 H7-2 101.92 30.64 2.00 1.11 360 30 

12 H7-3 102.58 30.72 2.00 1.11 360 30 

13 H7-4 101.50 30.66 2.00 1.12 360 40 

14 H7-5 101.58 30.54 2.00 1.11 360 40 

15 H7-6 101.46 30.64 2.00 1.10 360 40 

16 H7-7 102.10 30.60 2.00 1.11 360 50 

17 H7-8 102.02 30.50 2.00 1.10 360 50 

18 H7-9 101.84 30.80 2.00 1.10 360 50 

n : bearing length and the other symbols are defined in Figure 3.3. 
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APPENDIX B 

DERIVATION OF FORMULAE FOR 

THE SECOND MOMENT OF AREA AND THE POSITION OF 

NEUTRAL AXIS 

This appendix is divided into 3 parts, i.e. B-1, B-2 and B-3 where each of these parts 

will discuss the derivation ofthe fonnulae as expressed in equations (4.2.11), (5.2.18) 

and (5.2.20). 

B-1: The second moment of area of the effective cross section of the specimen 

about the neutral axis according to BS 5950 Part 5 1987, i.e. equation 

(4.2.11). 

Figure B-1. Effective cross section according to 

BS 5950 Part 5 1987. 
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The second moment of area of the above effective cross section about the neutral axis 

x-x (Ix) can be derived from: 

Where: 

i-3 
Ix = ~ I xi .••.•••••.••• ( B-1 • 1 ) 

i-l 

Ixi is the second moment of elements 1, 2 and 3 about the neutral axis x-x. By 

considering the strips ds 1, dS2 and dS3 the second moment of each element about x-x 

can be derived as follows : 

b eu 

IXI = t f y~ dS1 = t y~ b eu ••••••••• (B-1.2) 
o 

+Yc 

IX2 = t fs; ds. = ~ (y~ +yi) ••••••••• (B-1.3) 
-Yc 

bp 

IXJ = t fY: dS3 = t y: b p ••••••••••• (B-1.4) 
o 

Thus, the second moment of area of the effective cross section of the specimen about 

the neutral axis X-X according to BS 5950 Part 5 1987 is 

t is the thickness of the specimen. 

B-2: The position of neutral axis of the effective cross section of the specimen 

according to European Recommendations 1987, i.e. equation (5.2.18), 

The position of the neutral axis x-x in Figure B-2 is derived from the following 

relationship. 
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........... (B-2.1) 

Figure B-2. Effective cross section according to 

European Recommendations 1987. 

In the formula (B-2.l), all static moments are taken about the bottom flange so that 

Y t can be expressed as follows : 

= t [befhp + b efl (hp - o. Sbefl ) + b ein (h2 + o. Sbein) + O. shtl 
Yt; t (bet + b etl + b etn + ha + b p ) 

= befhp + beflhp - o. Sb!fl + b efnh2 + o. Sb!fn + o. Sht 

Yt; bet + betl + b etn + h2 + b I' 

Where: 

.............. (B-2.2) 

Yc=hp-Ye •.••.....•• (B-2.3) 

b efl = 0.4 P hl ; b efn = 0.6 P hl 

p : Reduction coefficient accounting for local buckling. 
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B-3: The second moment of area of the effective cross section of the specimen 

according to European Recommendations 1987, i.e. equation (5.2.20). 

On the basis of Figure B-2, the second moment of area about the neutral axis x-x 

according to the European Recommendations 1987 is obtained from: 

Ix = I xl + I x2 + I xJ + I x4 •••••••• (B- 3 . 1) 

The second moment of area of each element about the neutral axis x-x is 

be~ 

IXl = t J Y; dS1 = tY~ b ef • • • • • • • •• (B-3. 2) 
o 

b.ll 

Ix~ = t Jst dS2 = ~ b;fl ••••••••••• (B-3.3) 
o 

+ (b.~n+h3-Yt) 

IXJ = t f s; ds) = ~ [(be~n + h2 - Yt ) 3 + Y:l .. (B-3. 4) 
-Yt 

bp 

IX4 = t fY: dS4 = t y: b p •••••••••• (B-3.5) 
o 

Hence, the second moment of area of the effective cross section of the specimen 

about the neutral axis x-x according to the European Recommendations 1987 is as 

follows: 

or 

(B-3.6) 

t is also the thickness of the specimen. 
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APPENDIX C 

COMPUTER PROGRAMS FOR BS 5950 PART 5 1987 

REM ************************************************* 
REM * PROGRAMS FOR CALCULATING * 
REM * ULTIMATE WEB CRIPPLING LOADS OF * 
REM * COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS * 
REM * USING BS 5950 PART 5 1987 * 
REM * WRITTEN BY : HARKALI SETIYONO * 
REM ************************************************* 

1 INPUT" SPECIMEN NUMBER :";No$ 
INPUT" THE OVERALL WEB DEPTH CD in mm) =";0 
INPUT" THE INSIDE BEND RADIUS (r in mm) =";r 
INPUT" THE ACTUAL LENGTH OF BEARING (n in mm) =";n 
PRINT" THE ANGLE BETWEEN PLANES OF WEB AND BEARING 

SURFACE" 
INPUT" (9 in degrees) =";A 
INPUT" THE FLANGE WIDTH (W in mm) =";W 
INPUT" THE DESIGN STRENGTH (py in MPa) =";py 
INPUT" THE EXPERIMENTAL ULTIMATE LOAD (Fe in N) =";Fe 
PRINT 
PRINT" D=";D;"mm";TAB(15);"t=";t;"mm";TAB(30);"r=";r;"mm";TAB(45); 
PRINT" W=";W;"mm" 
PRINT" n='\n;"mm";TAB(l5);"9=";A;"degrees";TAB(30); 

"py=";py;"MPa'\TAB(45); 
PRINT" Fe=";Fe;"N" 
PRINT 
PRINT" ARE THESE ABOVE DATA ALREADY CORRECT ?" 

2 INPUT" TYPE YES OR NO !";TY$ 
IF (TY$="YES" OR TY$="Y") THEN 3 
IF (TY$="NO" OR TY$="N") THEN 6 
IF (TY$ <> "YES" OR TY$ <> "Y" OR TY$ <> "NO" OR TY$ <> "N") THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
OOTO 2 

3 LET K = py/228 : CI = 1.22 - 0.22*K 
LET C2 = 1.06 - 0.06*r/t : C3 = 1.33 - 0.33 *K 
LET C4 = 1.15 - O.lS*r/t : C5 = 1.49 - 0.53*K 
LET C6 = 0.88 - 0.12*tl1.9 
IF (D/t) < 150 THEN 4 
LET C7 = 1.2 

4 LET C7 = 1 + (D/t)I7S0 
IF (O/t) < 66.5 THEN 5 
LET C8 = (1.1 - (0/t)/665)/K 
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5 LET C8 = 11K 
LET C9 = 0.82 + 0.15*(tlI.9) : ClO = (0.98 - (D/t)/865)/K 
LET C11 = 0.64 + 0.31 * (ti 1.9) : C12 = 0.7 + 0.3*(N90)"'2 
GOTO 7 

6 PRINT" INPUT THE CORRECT DATA AGAIN!" 
GOTO 1 

7 PRINT" TYPE AND POSITION OF LOADING ;" 
PRINT 
PRINT" 1. SINGLE LOAD OR REACTION NEAR OR AT FREE END" 
PRINT" 2. SINGLE LOAD OR REACTION FAR FROM FREE END" 
PRINT" 3. TWO OPPOSITE LOADS OR REACTIONS NEAR OR AT FREE 

END" 
PRINT" 4. TWO OPPOSITE LOADS OR REACTIONS FAR FROM FREE 

END" 
PRINT 
INPUT" SELECT THE TYPE AND POSITION OF LOADINGS !'\TYPE 
ON ERROR GOTO 8 
ON TYPE GOTO 9,13,15,16 

8 PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOTO 7 

9 INPUT" ENTER 1 FOR STIFFENED FLANGES OR 2 FOR UNSTIFFENED 
FLANGES!";Fl 

ON ERROR GOTO 34 
ON Fl GOTO 10,11 

34 PRINT" INCORRECT INPUT, REPEAT AGAIN!" 
GOT09 

10 Fe = t"2*K*C3*C4*CI2*(2060 - 3.8*(D/t))*(1 + 0.01 "'(nit)) 
GOTO 17 

11 IF (nit) > 60 THEN 12 
Fe = t"2*K*C3*C4*CI2*(l350 - 1.73*(D/t))*(l + O.OI*(n/t)) 
GOTO 17 

12 Fe = t"2*K*C3*C4*CI2*(13S0 - 1.73*(D/t))*(0.71 + O.OIS*(n/t)) 
GOTO 17 

13 IF (nit) > 60 THEN 14 
Fe = t"2*K*Cl*C2*C12*(3350 - 4.6*(D/t))*(1 + 0.007*(n/t)) 
GOTO 17 

14 Fe = t"2*K*Cl *C2*CI2*(33S0 - 4.6*(D/t))*(0.75 + 0.011 * (nit)) 
GOTO 17 

15 Fe = t"2*K*C3"'C4"'CI2*(1520 - 3.57*(D/t))"'(1 + 0.01 * (nit)) 
GOTO 17 

16 Fe = t"2*K*CI *C2*CI2*(4800 - 14*(D/t))*(1 + 0.0013 * (nit)) 
17 Rt = FelFe : Bl = nit : B2 = D/t : B3 = r/t 
32 PRINT" THE LOADING CONDITIONS ;" 

PRINT" 1. WEB CRIPPLING ONLY" 
PRINT" 2. COMBINED ACTIONS OF WEB CRIPPLING AND 

BENDING" 
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INPUT" SELECT AND TYPE NO.1 OR NO.2 !";NUMBER 
ON ERROR GOTO 33 
ON NUMBER GOTO 18,22 

33 PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOTO 32 
PRINT" nit =";Bl;TAB(20);"D/t =1I;B2;TAB(38);"r/t =1I;B3 

18 PRINT" WEB CRIPPLING RESISTANCE Pw (UNDER WEB CRIPPLING 
ONLY) :" 

PRINT" (pw)t = Fe =";Fe;" N (THEORY)" 
PRINT" (pw)e = Fe =";Fe;" N (EXPERIMENT)" 
PRINT" FelFe =";Rt 
PRINT" DO YOU WANT TO PRINT OUT THE RESULTS?" 

19 INPUT" TYPE YES OR NO !";TYP$ 
IF (TYP$="YES" OR TYP$="Y") THEN 20 
IF (TYP$="NO" OR TYP$="N") THEN 27 
IF (TYP$ <> "YES" OR TYP$ <> "Y" OR TYP$ <> "NO" OR TYP$ <> "N") 

THEN 
PRINT" INCORRECT INPUT. REPEAT AGAIN !" 
GOTO 19 

20 GOSUB RESULT 
LPRINTII nit =1;Bl;TAB(20);"D/t =1I;B2;TAB(38);"r/t =1I;B3 
LPRINTII WEB CRIPPLING RESISTANCE Pw (UNDER WEB CRIPPLING 

ONLY) :11 

LPRlNT II (Pw)t = Fe =";Fe;" N (THEORY)" 
LPRINT II (pw)e = Fe =";Fe;" N (EXPERIMENT)" 
LPRINT" FelFe =";Rt 
GOTO 27 

22 GOSUB MOMCAP 
INPUT" DISTANCE BETWEEN TWO SUPPORTS (SPAN LENGTH 1 in mm) 

=";1 
LET Z = (1.2IFc) + (l-n)/(4*Me) : FCB = 1.51Z : Ma = FCB*(I-n)/4 : Mr = 

MalMe 
LET Rs = FelFCB : Rst = FCBlFc : Me = Fe*(l-n)l4 : Mre = MelMc 
PRINT" MOMENT CAPACITY Me =";Me;" Nmm" 
PRINT" THE SECOND MOMENT OF EFFECTIVE CROSS SECTION ABOUT 

THE NEUTRAL AXIS Ix =1I;Ix;" mml\4" 
PRINTII ELASTIC SECTION MODULUS IN COMPRESSION REGION Zc 

=";Ze;" mml\3 11 

PRINT" ELASTIC SECTION MODULUS IN TENSION REGION Zt =";Zt;" 

PRINT" APPLIED BENDING MOMENT:" 
PRINT" Mt =";Ma;" Nmm (THEORY)" 
PRINT" Me ='\Me;" Nmm (EXPERIMENT)" 
PRINT" RATIO OF APPLIED BENDING MOMENT TO MOMENT CAPACITY 

." 
PRINT" MtlMe ='\Mr;" (THEORY)" 
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PRINT" MelMc =";Mre;"(EXPERIMENT)" 
PRINT" WEB CRIPPLING STRENGTH IN THE ABSENCE OF BENDING 

MOMENT Pw =";Fc;" N" 
PRINT" RATIO OF APPLIED CONCENTRATED LOAD TO WEB CRIPPLING 

STRENGTH :" 
PRINT" FCBlPw =";Rst;" (THEORY)" 
PRINT" FelPw =";Rt;" (EXPERIMENT)" 
PRINT" nit =";Bl;TAB(20);"D/t =";B2;TAB(38);"r/t =";B3 
PRINT" THE ULTIMATE LOAD (UNDER COMBINED WEB CRIPPLING 

AND BENDING):" 
PRINT" FCB ='\FCB;" N (THEORY)" 
PRINT" Fe ='\Fe;" N (EXPERIMENT)" 
PRINT" RATIO OF EXPERIMENTAL AND THEORETICAL ULTIMATE 

LOAD FelFCB =";Rs 
PRINT" DO YOU WANT TO PRINT OUT THE RESULTS?" 

25 INPUT" TYPE YES OR NO !"~TYPE$ 
IF (TYPE$="YES" OR TYPE$="Y") THEN 26 
IF (TYPE$="NO" OR TYPE$="N") THEN 27 
IF (TYPE$ <> "YES" OR TYPE$ <> "Y" OR TYPE$ <> "NO" OR TYPE$ <> 

"N") THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOTO 25 

26 GOSUB RESULT 
LPRINT" MOMENT CAPACITY OF THE SECTION Me =";Me;" mm" 
LPRINT" THE SECOND MOMENT OF EFFECTIVE CROSS SECTION 

ABOUT THE NEUTRAL AXIS Ix =";Ix;" mm"4" 
LPRINT" ELASTIC SECTION MODULUS IN COMPRESSION REGION Ze 

=";Zc;" mm"'3" 
LPRINT" ELASTIC SECTION MODULUS IN TENSION REGION Zt =";Zt;" 

mm"'3" 
LPRINT" SPAN LENGTH 1 =";1;" mm" 
LPRINT" APPLIED BENDING MOMENT:" 
LPRINT" Mt =";Ma;" Nmm (THEORY)" 
LP RINT " Me =";Me;" Nmm (EXPERIMENT)" 
LPRINT" RATIO OF APPLIED BENDING MOMENT TO MOMENT 

CAPACITY :" 
LPRINT" MtlMc =";Mr;" (THEORY)" 
LPRINT" MelMc =";Mre;" (EXPERIMENT)" 
LPRINT" WEB CRIPPLING STRENGTH IN THE ABSENCE OF BENDING 

MOMENT Pw ='\Fe;" N" 
LPRINT" RATIO OF APPLIED CONCENTRATED LOAD TO WEB 

CRIPPLING STRENGTH :" 
LPRINT" FCBlPw =";Rst;" (THEORY)" 
LPRINT" FelPw =";Rt;" (EXPERIMENT)" 
LPRINT" nIt =";Bl;TAB(20);"D/t =";B2;TAB(38);"r/t =";B3 
LPRINT" THE ULTIMATE LOAD (UNDER COMBINED WEB CRIPPLING 
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AND BENDING):" 
LPRINT" FCB =";FCB;" N (THEORY)" 
LPRINT" Fe =";Fe;" N (EXPERIMENT)" 
LPRINT" RATIO OF EXPERIMENTAL AND THEORETICAL ULTIMATE 

LOAD FelFCB =";Rs 
27 END 

RESULT : 

REM ************************************************** 
REM * SUBROUTINE FOR THE PRINT OUT OF THE INPUT DATA * 
REM ************************************************** 

LPRINT"RESULTS OF CALCULATING ULTIMATE WEB CRIPPLING LOADS" 
LPRINT" ON COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS" 
LPRINT" BY USING: " 
LPRINT" BS 5950 PART 5 1987 " 
LPRINT" 
LPRINT" SPECIMEN NUMBER :";No$ 
LPRINT 
LPRINT" THE OVERALL WEB DEPTH D =";D;" mm" 
LPRINT" THE FLANGE WIDTH W =";W;" mm" 
LPRINT" THE WEB THICKNESS t =";t;" mm" 
LPRINT" THE INSIDE BEND RADIUS r =";r;" mm" 
LPRINT" THE ACTUAL LENGTH OF BEARING n =";n;" mm" 
LPRINT" THE ANGLE BETWEEN PLANE OF WEB AND PLANE OF 

BEARING SURFACE e =";A;"degrees" 
LPRINT" THE DESIGN STRENGTH py ='\py;" MPa" 
RETURN 

MOMCAP : 

REM ************************************************** 
REM * SUBROUTINE FOR CALCULATING THE MOMENT CAPACITY * 
REM ************************************************** 

LET hp = D + t : bp = W - O.5*t 
LET Fr = (py/280)"O.5 : po = (1.13 - O.0019*(D/t)*Fr)*py 
LET h = bp/hp 
LET Kl = 1.28 - «0.8*h)/(2+h» - 0.0025*h"2 
LET per = 185000*Kl * (tlbp) "2 : U = po/per 
IF U >= 0.123 THEN 23 
LET beff= bp 
GOTO 24 

23 LET beff = bp*(1 + 14*(U"0.5 - 0.35)"4)"-0.2 
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STRENGTH: 
FCBlPw = 0.9183757 (THEORy) 
FelPw = 0.8794652 (EXPERIMENT) 

nit = 45.45454 Dlt = 81.77272 r/t = 2.045455 
THE ULTIMATE LOAD (UNDER COMBINED WEB CRIPPLING AND 
BENDING) : 

FCB = 5033.253 N (THEORy) 
Fe = 4824.050 N (EXPERIM:ENT) 

RATIO OF EXPERIMENTAL AND THEORETICAL ULTIMATE LOAD FelFCB 
= 0.9584358 
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APPENDIX D 

COMPUTER PROGRAMS FOR EUROPEAN RECOMMENDATIONS 1987 

REM************************************************** 
REM * PROGRAMS FOR CALCULATING * 
REM * ULTIMATE WEB CRIPPLING LOADS OF * 
REM * COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS * 
REM * BY USING * 
REM * EUROPEAN RECOMMENDATIONS FOR THE DESIGN OF * 
REM * LIGHT GAUGE STEEL MEMBERS - 1987 * 
REM * WRITTEN BY : HARKALI SETIYONO * 
REM************************************************** 

1 INPUT" SPECIMEN NUMBER :";No$ 
INPUT" BEARING LENGTH (la in mm) =";la 
INPUT" WEB THICKNESS (t in mm) =";t 
INPUT" WEB INCLINATION (8 in degrees) =";X 
INPUT" DESIGN YIELD STRESS (fty in MPa) =";Y 
INPUT" INNER RADIUS (r in mm) =";r 
INPUT" MODULUS OF ELASTICITY (E in MPa) =";E 
INPUT" DISTANCE BETWEEN THE POINTS OF INTERSECTION OF THE 

SYSTEM LINES OF THE WEB AND FLANGES (hw in mm) =";hw 
INPUT" THE FLANGE WIDTH (b in mm) =";b 
INPUT" EXPERIMENTAL ULTIMATE LOAD Fe =";Fe 
PRINT 
PRINT" r=";r;"mm";TAB(lS);"la=";la;"mm";TAB(30);"t=";t;"mm";TAB(4S);"b=" 

'b'''mm'' , , 
PRINT" 8=";X;"degrees";TAB(lS);"fty='\Y;"MPa'\TAB(30);"E=";E;"MPa"; 

TAB(4S);"hw=";hw;"mm" 
PRINT 
PRINT" ARE THE ABOVE DATA ALREADY CORRECT 7" 

2 INPUT" TYPE YES OR NO !";TY$ 
IF (TY$="YES" OR TY$="Y") THEN 3 
IF (TY$="NO" OR TY$="N") THEN 00 
IF (TY$ <> "YES" OR TY$ <> "Y" OR TY$ <> "NO" OR TY$ <> "N") THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GO TO 2 

00 PRINT" INPUT THE CORRECT DATA AGAIN !" 
GO TO 1 

3 IF hw/t > 200 THEN GOTD 4 
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32 PRINT" SELECT ONE OF THE FOLLOWING CATAGORIES OF 
CONCENTRATED LOADS AND END REACTIONS !" 

PRINT" 1. FIRST CATAGORY AND 2. SECOND CATAGORY" 
INPUT" WHAT CATAGORY ?";CAT 
ON ERROR GOTO 31 
ON CAT GOTO 5,6 

31 PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOTO 32 

5 LET RD = 0.057*t"2*(Y*E)"0.5*(l-0.1 *(r/t)"0.5)*(0. 5+(0.02* lalt)"O. 5)* 
(2.4+(Xl90),,2) 

LET Rt = FelRD : Bl = lalt : B2 = hw/t : B3 = r/t 
GOTO 7 

6 LET RD = 0.114*t"2*(y*E),,0.5*(l-0.1 *(r/t)"O.5)*(0.5+(0.02*lalt)"0.5)* 
(2.4+(X/90)"2) 

LET Rt = FelRD :. B 1 = Jalt : B2 = hw/t : B3 = r/t 
7 PRINT" THE LOADING CONDITION :" 

PRINT 
PRINT" 1. WEB CRIPPLING ONLY OR 2. COMBINED WEB CRIPPLING 

AND BENDING" 
PRINT 
INPUT" TYPE THE NUMBER OF SELECTED LOADING CONDITION !";SEL 
ON ERROR GOTO 33 
ON SEL GOTO 8,11 

33 PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOT07 

8 PRINT" THE DESIGN LOAD WITH RESPECT TO WEB CRIPPLING ONLY 
RD =";RD;"N" 

PRINT" EXPERIMENTAL ULTIMATE LOAD Fe =";Fe;" N" 
PRINT" FelRD =";Rt 
PRINT 
PRINT" DO YOU WANT TO PRINT OUT THE RESULTS?" 

9 INPUT" TYPE YES OR NO !";TYP$ 
IF (TYP$="YES" OR TYP$="Y") THEN 10 
IF (TYP$="NO" OR TYP$="N") THEN 30 
IF (TYP$ <> "YES" OR TYP$ <> "Y" OR TYP$ <> "NO" OR TYP$ <> "N") 

THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN!" 
GO TO 9 

10 GOSUB RESULT 
LPRINT" lalt =";Bl;TAB(20);"hw/t =";B2;TAB(38);"r/t=";B3 
LPRlNT" THE DESIGN LOAD WITH RESPECT TO WEB CRIPPLING ONLY 

RD =";RD;"N" 
LPRINT" EXPERI:MENTAL ULTIMATE LOAD Fe =";Fe;" N" 
LPRINT" FelRD =";Rt 
GOTO 30 

11 GOSUB DESMOM 
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IF Md <= 0 THEN 28 
LET Z = (l-la)/(4*Md) + (lIRD) : FCB = 1.25/Z : Ma = FCB*O-la)/4 
LET Mr = MalMd : Me = Fe*(l-n)/4 : Mre = MelMd 
LET Rs = FeIFCB: Rst = FCBIRD 
PRINT" RATIO OF EXPERIMENTAL AND THEORETICAL LOADS Fe/FCB 

=";Rs 
PRINT" DESIGN STRENGTH WITH RESPECT TO BENDING MOMENT Md 

=";Md;"Nmm" 
PRINT" SECOND MOMENT OF EFFECTIVE CROSS SECTION ABOUT THE 

NEUTRAL AXIS Ix =";Ix;" mml\4" 
PRINT" SECTION MODULUS IN COMPRESSION REGION CN ef)e ="; Wefe; 

PRINT" SECTION MODULUS IN TENSION REGION (Wef)t =";Weft;"mmI\3" 
PRINT" APPLIED BENDING MOMENT:" 
PRINT" Mt ='\Ma;" Nmm (THEORY)" 
PRINT" Me =";Me;" Nmm (EXPERIMENT)" 
PRINT" RATIO OF APPLIED BENDING MOMENT TO MOMENT 

CAPACITY :" 
PRINT" MtlMd =";Mr;" (THEORY)" 
PRINT" MelMd =";Mre;"(EXPERIMENT)" 
PRINT" THE DESIGN LOAD WITH RESPECT TO WEB CRIPPLING ONLY 

RD =";RD;"N" 
PRINT" THE ULTIMATE LOAD (UNDER COMBINED ACTIONS OF WEB 

CRIPPLING AND BENDING) FCB =";FCB;" Nil 
PRINT" FelFCB =";Rs : PRINT" FCBIRD =";Rst : PRINT" FelRD =";Rt 
PRINT 
PRINT" DO YOU WANT TO PRINT OUT THE RESULTS ?" 

34 INPUT" TYPE YES OR NO !";TYPE$ 
IF (TYPE$="YES" OR TYPE$="Y") THEN 29 
IF (TYPE$="NO" OR TYPE$="N") THEN 30 
IF (TYPE$ <> "YES" OR TYPE$ <> "Y" OR TYPE$ <> "NO" OR TYPE$ <> 

"Nil) THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOTO 34 

29 GOSUB RESULT 
LPRINT" THE SPAN LENGTH 1 =";1;" mm" 
LPRINT" DESIGN STRENGTH WITH RESPECT TO BENDING MOMENT 

Md =";Md;"Nmm" 
LPRINT" SECOND MOMENT OF EFFECTIVE CROSS SECTION ABOUT 

THE NEUTRAL AXIS Ix =\Ix;" mml\4" 
LPRINT" SECTION MODULUS IN CO:MPRESSION REGION CNef)e =";Wefc; 

" mml\3" 
LPRINT" SECTION MODULUS IN TENSION REGION CNef)t =";Weft;" 

mml\3" 
LPRINT" APPLIED BENDING MOMENT :" 
LPRINT" Mt =";Ma;" Nmm (THEORY)" 
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LPRINT" Me ='\Me;" Nmm (EXPERIMENT)" 
LPRINT" MtlMd =";Mr;" (THEORY)" 
LPRINT" MelMd =";Mre;" (EXPERIMENT)" 
LPRINT" laft =";Bl;TAB(20);"hw/t =";B2;TAB(38);"r/t =";B3 
LPRINT" THE DESIGN LOAD WITH RESPECT TO WEB CRIPPLING ONLY 

RD =";RD;" N" 
LPRINT" THE ULTIMATE LOAD (UNDER COMBINED ACTIONS OF WEB 

CRIPPLING AND BENDING) :" 
LPRINT" FCB =";FCB;" N (THEORY)" 
LPRINT" Fe =";Fe;" N (EXPERIMENT)" 
LPRINT" FelFCB =";Rs 
LPRINT" FCBIRD =";Rst;"(THEORY)" 
LPRINT" FelRD =";Rt;" (EXPERIMENT)" 
GOTO 30 

4 PRINT" THE CALCULATION CAN NOT BE DONE, BECAUSE IT IS ONLY 
VALID FOR hw/t <= 200" 

PRINT" CHANGE THE VALUE OF EITHER t OR hw OR BOTH SO THAT 
THE RATIO OF hw/t <= 200 AND REPEAT FROM THE 
BEGINNING !" 

INPUT" ENTER 1 TO CONTINUE THE WORK OR ENTER 2 TO FINISH IT 
!";ENTER 

ON ERROR GOTO 35 
ON ENTER GOTO 1,30 

35 PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOT04 

28 PRINT" YIELDING FIRST OCCURS AT THE TENSION EDGE OF THE 
WEB." 

30 END 

DESMOM : 

REM************************************************** 
REM * SUBROUTINE FOR CALCULATING THE DESIGN STRENGTH * 
REM * WITH RESPECT TO BENDING MOMENT (Md) * 
REM************************************************** 

LET bp = b - 0.5*t : h = hw + t 
INPUT" THE SPAN LENGTH (l in mm) =";1 
IF (lib) >= 20 THEN 12 
PRINT" lib < 20" : INPUT" REDUCTION COEFFICIENT 'l's =";Ys 
LET Fl = (4*0.85*Ys*Y)1E : pI = (0.75*bp*Fl"0.5)/t 
IF pI <= 0.673 THEN 13 
LET Rol = (1 - (0.22/pl))/pl 
GOTO 14 

13 LET Rol = 1 
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REM * THE EFFECTIVE WIDTH OF THE TOP FLANGE btl * 
14 LET btl = 0.85*Ys*Rol *bp 

GOTO 15 
12 LET F2 = (4*Y)1E : p2 = (0.75*bp*F2"0.5)/t 

IF p2 <= 0.673 THEN 17 
LET Ro2 = (1 - (0.22/p2))/p2 
GOTO 16 

17 Ro2 = 1 
REM * THE EFFECTIVE WIDTH OF THE TOP FLANGE bt2 * 

16 LET bt2 = Ro2 * bp 
15 IF (lib) >= 20 THEN 21 

LET h21 = (btl *h + 0.5*h"2)/(btl + h + bp) hll = h - h21 
LET yl = -h21lhll 
IF yl <= -0.5 THEN 18 
IF (yl > -0.5 OR yl < 0) THEN ktl = «1-yl)/(0.362-0.103*yl))"2 
GOTO 19 

IS ktl = 5.S5*(I-yl)A2 
19 LET F3 = Y/(E*ktl) : p3 = (1.052*bp*F3"0.s)/t 

IF p3 <= 0.673 THEN 20 
Rowl = (1 - (0.22/p3))/p3 
GOTO 26 

20 Rowl = 1 
GOTO 26 

21 LET h22 = (bt2*h + 0.5*h"2)/(bt2 + h + bp) h12 = h - h22 
LET y2 = -h221h 12 
IF y2 <= -0.5 THEN 22 
IF (y2 > -0.5 OR y2 < 0) THEN kt2 = «1-y2)/(0.362-0.103*y2))"2 
GOTO 23 

22 LET kt2 = 5.85*(I-y2)"2 
23 LET F4 = Y/(E*kt2) : p4 = (l.052*bp*F4"0.5)/t 

IF p4 <= 0.673 THEN 24 
Row2 = (1 - (O.22/p4))/p4 
GOTO 25 

24 Row2 = 1 

REM ********************************************* 
REM * CALCULATION OF THE SECOND MOMENT OF * 
REM * EFFECTIVE CROSS SECTION ABOUT THE NEUTRAL * 
REM * AXIS (Ix) * 
REM ********************************************* 

25 LET A12 = 1.0625 + 0.1025*Row2"2 - 1.075*Row2 
LET A22 = bt2 + bp + 0.S*Row2*h + 0.2*Row2"2*h 
LET A32 = bt2*h + 0.4*Row2*h"2 + 0.1 *Row2"2*h"2 
LET Y2t = (- A22 + (A22"2 + 4*AI2*A32)"0.5)1(2"'AI2) Y2c = h - Y2t 
REM * EFFECTIVE WIDTH OF THE COMPRESSED PORTION OF WEB '" 
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REM * (befl AND befn) WHEN lib >= 10 * 
LET befl = 0.4*Row2*Y2e : befn = 0.6*Row2*Y2e 
LET 12 = t*(Y2e"2*bt2 + 0.33*(befl"3 + befn"3 + Y2t"3) + Y2t"2*bp) 
LET Wefe2 = I2N2e : LET Weft2 = 12N2t 
IF Wefe2 > Weft2 THEN RETURN 
LET Wefe = Wefe2 : Weft = Weft2 : Ix = 12 
LET Md = Y * Wefe 
RETURN 

26 LET All = 1.0625 + O.l025*Rowl"2 - 1.075*Rowl 
LET A21 = btl + bp + O.8*Rowl *h + 0.2*Rowl"2*h 
LET A31 = btl *h + O.4*Rowl *h"2 + 0.1 *Rowl "2*h"2 
LET Ylt = (- A21 + (A21 "2 + 4* All * A31)"0.5)/(2* All) : Yle = h - Ylt 
REM * EFFECTIVE WIDTH OF THE COMPRESSED PORTION OF WEB * 
REM * (befl AND befn) WHEN lib < 10 '" 
LET befl = O.4*Rowl *Yle : befn = 0.6*Rowl"'Yle 
LET II = t*(yle"2*btl + 0.33*(befl "3 + befn"3 + YIt"3) + YIt"2*bp) 
LET Wefel = IlNlc : Weftl = IlNlt 
IF Wefe I > Weftl THEN RETURN 
LET Wefe = Wefel : Weft = Weftl : Ix = II 
LET Md = Y * Wefe 
RETURN 

RESULT : 

REM************************************************** 
REM * SUBROUTINE FOR THE PRINT OUT OF THE INPUT DATA * 
REM************************************************** 

LPRINT"RESULTS OF CALCULATING ULTIMATE WEB CRIPPLING LOADS" 
LPRINT" ON COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS" 
LPRINT" BY USING :" 
LPRINT"EUROPEAN RECOMMENDATIONS FOR THE DESIGN OF LIGHT" 
LPRINT" GAUGE STEEL MEMBER - 1987" 

LPruNT' ---------------------------------------------
LPRINT" 
LPRINT 

SPEClr..1EN NU:MBER :\No$ 

LPRlNT" INNER RADIUS r =";r;" mm" 
LPRINT" BEARING LENGTH la ="~la~" mm" 
LPRINT" WEB rIDCKNESS t =";t;" mm" 
LPRINT" WEB INCLINATION 9 =";X;" degrees" 
LPRINT" DESIGN YIELD STRESS Y =";Y;" MPa" 
LPRINT" MODULUS OF ELASTICITY E =";E;" MPa" 
LPRINT" DISTANCE BETWEEN POINTS OF INTERSECTION OF SYSTEM 

LINES OF" 
LPRINT" THE WEB AND THE FLANGES hw =";hw;" mm" 
LPRINT" FLANGE WIDTH b ="~b:" mm" 
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RETURN 
END IF 
END IF 
END IF 

Results of using these programs can be seen in the following print out. 

RESULTS OF CALCULATING ULTIMATE WEB CRIPPLING LOADS 
ON COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS 

BY USING : 
EUROPEAN RECOMMENDATIONS FOR THE DESIGN OF LIGHT 

GAUGE STEEL MEMBERS - 1987 

SPECIMEN NillvffiER : H90-26 

INNER RADIUS r = 2.25 mm 
BEARING LENGTH la = 50 mm 
WEB THICKNESS t = 1.10 mm 
WEB INCLINATION e = 90 degrees 
DESIGN YIELD STRESS Y = 303 MPa 
MODULUS OF ELASTICITY E = 196850 MPa 
DISTANCE BETWEEN POINTS OF INTERSECTION OF SYSTEM LINES OF 
THE WEB AND THE FLANGES hw = 89.95 mm 
THE SPAN LENGTH 1 = 451 mm 
DESIGN STRENGTH WITH RESPECT TO BENDING MOMENT Md = 

801340.40 Nmm 
SECOND MOMENT OF EFFECTIVE CROSS SECTION ABOUT THE 
NEUTRAL AXIS Ix = 144231. 50 mm"4 
SECTION MODULUS IN COMPRESSION REGION (Wef)c = 2644.688 mm"3 
SECTION MODULUS IN TENSION REGION (Wef)t = 3950.065 mm"3 
APPLIED BENDING MOMENT : 

Mt = 361388.90 Nmm (THEORY) 
Me = 543911.60 Nmm (EXPERIMENT) 
MtlMd = 0.4509805 (THEORy) 
MelMd = 0.6787522 (EXPERIMENT) 

lalt = 45.45454 hw/t = 81.77272 rlt = 2.045455 
THE DESIGN LOAD WITH RESPECT TO WEB CRIPPLING ONLY RD = 
4511.625 N 
THE ULTIMATE LOAD (UNDER COMBINED ACTIONS OF WEB 
CRIPPLING AND BENDING) : 

FCB = 3604.877 N (THEORY) 
Fe = 4824.05 N (EXPERIMENT) 
FelFCB = 1.338201 
FCBIRD = 0.7990195 (THEORY) 
FelRD = 1.069249 (EXPERIMENT) 
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APPENDIX E 

COMPUTER PROGRAMS FOR PLASTIC MECHANISM APPROACH 

REM************************************************** 
REM * PROGRAMS FOR ESTIMATING * 
REM* ULTIMATE WEB CRIPPLING LOADS * 
REM* OF COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS* 
REM* UNDER * 
REM* COMBINED ACTIONS OF WEB CRIPPLING AND BENDING * 
REM* USING PLASTIC MECHANISM APPROACH * 
REM* WRITTEN BY : HARKALI SETIYONO * 
REM************************************************** 

1 INPUT" SPECIMEN NUMBER :'\No$ 
INPUT" THE OVERALL WEB DEPTH (hw in mm) :";hw 
INPUT" THE WEB THICKNESS (t in mm) :";t 
INPUT" THE INSIDE BEND RADIUS (r in mm) :";r 
INPUT" THE ACTUAL LENGTH OF BEARING (n in mm) :";n 
INPUT" THE FLANGE WIDTH (B in mm) :";F 
INPUT" THE SPAN LENGTH OF THE BEAM (1 in mm) :";1 
INPUT" THE YIELD STRENGTH (Y in MPa) :";Y 
INPUT" MODULUS OF ELASTICITY (E in MFa) :";E 
INPUT" EXPERIMENTAL ULTIMATE LOADS (Fe in N) :";Pe 
INPUT" EXPERIMENTAL LATERAL DEFLECTION OF WEB (~I: in mm) 

="'de , 
INPUT" EXPERIMENTAL WEB CRIPPLING DEFORMATION (~hl: in mm) 

=";he 
INPUT" EXPERIMENTAL YIELD ARC DEPTH (bl: in mm) =";be 
PRINT" hw =";hw;" mm": PRINT" t =";t;" mm" : PRINT" r =";r;" mm" 
PRINT" n ='\n;" mm" : PRINT" B =";F;" mm": PRINT" 1 =";1;" mm" 
PRINT" Y =";Y;" MFa" : PRINT" E =";E;" MPa": PRINT" Fe =";Pe;" Nil 
PRINT" ~e =";de;" mm" : PRINT" ~e =";he;" mm": PRINT" be =";be;" mm" 

., PRINT" ARE ALL THESE ABOVE INPUT DATA ALREADY CORRECT?" 
INPUT" TYPE YES OR NO !";TY$ 
IF (TY$ = "YES" OR TY$ = "Y") THEN 5 
IF (TY$ = "NO" OR TY$ = liN") THEN 3 
IF (TY$<>"YES" OR TY$<>"Y" OR TY$<>"NO" OR TY$<>"N") THEN 4 

3 PRINT" INPUT THE CORRECT DATA AGAIN!" 
GOTO 1 

4 PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOT02 
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FUE11 ************************************************************ 
FUE11 * CALCULATION OF THE EFFECfIVE WIDTH OF THE TOP * 
FUE11 * FLANGE (beft) * 
FUE11 ************************************************************ 

5 LET Smax = Y : Scr = 0.38*E*(t"2/(F-0.5*t)"2) : U = Smax/Scr 
IF U >= 0.59 THEN 6 
LET beff::; F - 0.5*t 
GOT07 

6 LET Rs = «F - 0.5*t)/t)*(Y/(0.38*E))"0.5 
LET beff = (F - 0.5*t)/(1 + 14*(Rs - 0.35)"4)"0.2 
FUE11 ********************************************************** 
RE11 * CALCULATION OF THE SECOND 11011ENT OF EFFECfIVE lie 

RE11 * CROSS-SECfION ABOUT THE NEUTRAL AXIS (Ix) lie 

RE11 ********************************************************** 
7 INPUT" NU11BER OF ITERATION N =";J 

LET Yt = «hwH)*(beff+0.5*hw+0.5*t»/(beff+hw+F+0.5*t) 
LET Yc = «hw+t)*(F+0.5*hw»/(beff+hw+F+0.5*t) 
LET Ix = t*(beff*Yc"2 + (Yc"3+ Yt"3)/3 + (F-0.5*t)*Yt"2) 
RE11 **************************************************** 
RE11 * CALCULATION OF THE ULTI11ATE WEB CRIPPLING * 
REM * LOAD FCB * 
REM **************************************************** 
DI11 h(J) : DIM d(J) : DIM X(J) : DIM e 1(1) 
LET al = r + 0.5*t : a2 = 0.25 * (hw+t) , NOTE 1 
FOR b = al TO a2 STEP 2.5 
FOR I = 1 TO J 
IF I = 1 THEN 8 
K = I - 1 
e1(I) = e1(K) + 0.055 • NOTE 2 
LET Cl = «hw+t)"2 + el(I)"2)"0.5 C2 = 1 - n 
LET C3 = n*el(I)*(hw+t) : C4 = hw + t - b 
LET C5 = (hw+t)*(b"2+e1(1)"2)"0.5 : C6 = b*«hw+t)"2 + el(I)"2)"O.5 
LET C7 = 1"3*e 1 (I)*«hw+t)"2+e 1 (1)"2)"0.5 
Ps = n*t*Y 
d(l) = d(K) + 0.015 
X(I) = ABS(b"2 - d(I)"2) 
h(l) = b - X(I)"0.5 
Bl = Y*t"2*(2*Cl *C3*d(I)+2*Cl *el(I)*(el(I)*C4+C5+C6)*d(l» 
B2 = Y*t"2*(2*Cl *C4*b"2*h(I)+2*Cl *C4"2*b*d(I» t NOTE 3 
B3 = Y*t"2*b*C4*(F-0.5*t)*(4*Cl-h(I»*h(1) 
B4 = C4*(4*b*e1(I)*Cl *h(l)+b*C2*h(I)"2+4*Cl *(r+0.5*t)*d(I» 
P = (B1 + B2 + B3)/B4 ' NOTE 4 
Pp = (Ps"2/(2*P»*(-1 + (1 + (4*P"2)/Ps"2)"0.5) 
B5 = 12*E*Ix*C2*h(I)"2 
Pel = B5/C7 
A = Pel/Pp : Al = Pp - Pel 
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IF A >= 0.9995 THEN 9 
GOTO 10 

8 h(l) = 0 : d(I) = 0 : el(1) = 0 
C1 = hw + t : C3 = 0 : C4 = hw + t - b : C5 = b*(hw+t) : C6 = C5 
Ml = Y*tI\2*(2*Cl *C3+2*C1 *e1(I)*(e1(I)*C4+C5+C6)+2*Cl *C41\2*b) 
M2 = 4*C1 *(r + 0.5*t) 
Pp1 = M1/M2 
Pell = 0 

10 NEXT I 
IF I > J THEN 14 

9 Pu = Pp : ht = h(l) : dt = d(l) : e1 = e1(1) 
LET G1 = Pe/Pu : G2 = nit : 03 = hw/t : G4 = r/t : G5 = de/dt 
LET G6 = he/ht : G7 = belb : G8 = htldt 
PRINT" FOR b =";b;" :" 
PRINT"Pu =";Pu;" N";"e =";e1;" mm";"dh =";ht;" mm";"~ =";dt;" mm" 
PRINT"Pe/pu =";Gl;"Pel =";Pel;" N";"Pu/Pel =";A;"Pu-Pe1 =";A1;" N" 
PRINT"I =";1 
IF (G1 >= 0.80 AND el >= n) THEN 11 
NEXTb 
GOTO 17 

11 PRINT" DO YOU WANT TO PRINT OUT THE RESULTS ?" 
12 INPUT" ENTER YES OR NO ! ";ENTER$ 

IF (ENTER$="YES" OR ENTER$="Y") THEN 13 
IF (ENTER$="NO" OR ENTER$="N" ) THEN 18 
IF (ENTER$<>"YES" OR ENTER$<>"Y" OR ENTER$<>"NO" OR 

ENTER$<>"N") THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN !" 
GOTO 12 

13 LPRINT" RESULTS OF USING PLASTIC MECHANISM APPROACH" 
LPRINT" FOR ESTIMATING ULTIMATE WEB CRIPPLING LOADS" 
LPRINT" OF COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS" 
LPRINT" UNDER COMBINED ACTIONS OF WEB CRIPPLING" 
LPRINT" AND BENDING" 

LPruNT" -------------------------------------------
LPRINT" SPECIMEN NUMBER :";No$ 
LPRINT 
LPRINT" THE OVERALL WEB DEPTH hw =";hw;" mm" 
LPRINT" THE WEB THICKNESS t =";t;" mm" 
LPRINT" THE INSIDE BEND RADIUS r =";r;" mm" 
LPRINT" THE ACTUAL LENGTH OF BEARING n =";n;" mm" 
LPRINT" THE FLANGE WIDTH B =";F;" mm" 
LPRINT" THE SPAN LENGTH OF THE BEAM 1 =";1;" mm" 
LPRINT" THE YIELD STRENGTH Y =";Y;" MPa" 
LPRINT" THE MODULUS OF ELASTICITY E =";E;" MPa" 
LPRINT" THE THEORETICAL WEB CRIPPLING DEFORMATION dh, =";ht; 

"mm" 
LPRINT" THE EXPERIMENTAL WEB CRIPPLING DEFORMATION ~hc =";he;" 

mm" 
LPRINT" dhJdh t = ";G6 
LPRINT" THE THEORETICAL YIELD ARC DEPTH b

t 
=";b;" mm" 
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LPRINT" THE EXPERIMENTAL YIELD ARC DEPTH be =";be;" mm" 
LPRINT" befbt =";G7 
LPRINT" THE THEORETICAL MAXIMUM OVERALL LATERAL 

DEFLECTION OF WEB ~t =";dt;" mm" 
LPRINT" THE EXPERIMENTAL MAXIMUM OVERALL LATERAL 

DEFLECTION OF WEB ~e =";de;" mm" 
LPRINT" ~J~t =";G5 
LPRINT" nit =";G2 
LPRINT" hw/t =";G3 
LPRINT" r/t =";G4 
LPRINT" THE POSITION OF OUTER YIELD LINE ON THE TOP FLANGE e 

=";el(I);" mm" 
LPRINT" EFFECTIVE WIDTH OF TI-IE TOP FLANGE beff =";beff;" mm" 
LPRINT" Pfp FROM PLASTIC ANALYSIS =";Pp;" N" 
LPRINT" Pfe FROM ELASTIC ANALYSIS =";Pel;" N" 
LPRINT" Pfp - Pfe =";Al;" N" : LPRINT" Pfe/Pfp =";A 
LPRINT" AFTER NUMBER OF ITERATION N =";1 
LPRINT" THE ULTIMATE WEB CRIPPLING LOAD :" 
LPRINT" FCB =";Pu;" N (THEORY)" 
LPRINT" Fe =";Pe;" N (EXPERIMENT)" : LPRINT" Fe/FCB =";Gl 
GOTO 18 

14 PRINT" NUMBER OF ITERATION (N) IS NOT ENOUGH." 
PRINT" DO YOU WANT TO CONTINUE THE WORK ?" 

15 INPUT" ENTER YES OR NO ! ";T$ 
IF (T$="YES" OR T$="Y") THEN 16 
IF (T$="NO" OR T$="N") THEN 18 
IF (T$<>"YES" OR T$<>"Y" OR T$<>"NO" OR T$<>"N") THEN 
PRINT" INCORRECT INPUT, REPEAT AGAIN I" 
GOTO 15 

16 ERASE h : ERASE d : ERASE X : ERASE e 1 
GOT07 

17 PRINT" ITERATION OF b EXCEEDS ITS MAXIMUM NUMBER." 
b = b;- '2.5 
GOTO 11 

18 END 
END IF 
END IF 

** NOTE ** 

The above program is for the first procedure of the plastic mechanism analysis and if 

this program is used for the second procedure, the line statements indicated by notes 1-4 

have to be altered as follows : 
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Notel: a2 = 0.5 * (hw+t) 

Note 2: el(I) = el(K) + 0.025 

Note 3: B2 = 0 

Note 4: P = (B1 + B3)/B4 

The following example is the results of using the above programs for analysing the 

specimen H90-26. 

RESULTS OF USING PLASTIC MECHANISM APPROACH 
FOR ESTIMATING ULTIMATE WEB CRIPPLING LOADS 

OF COLD-FORMED PLAIN CHANNEL STEEL SECTION BEAMS 
UNDER COMBINED ACTIONS OF WEB CRIPPLING 

AND BENDING 

SPECIMEN NUMBER: H90-26 

THE OVERALL WEB DEPTH hw = 89.95 mm 
THE WEB THICKNESS t = 1.10 mm 
THE INSIDE BEND RADIUS r = 2.25 mm 
THE ACTUAL LENGTH OF BEARING n = 50 mm 
THE FLANGE WIDTH B = 42.14 mm 
THE SPAN LENGTH OF THE BEAM I = 451 mm 
THE YIELD STRENGTH Y = 303 MPa 
THE MODULUS OF ELASTICITY E = 196850 MPa 
THE THEORETICAL WEB CRIPPLING DEFORMATION tih t = 3.585387 mm 
(1.969565 mm) 
THE EXPERIMENTAL WEB CRIPPLING DEFORMATION tihe = 2.78 mm 
tihj~ht = 0.7753696 (1.411479) 
THE THEORETICAL YIELD ARC DEPTH bt = 20.3 mm (22.8 mm) 
THE EXPERIMENTAL YIELD ARC DEPTH be = 17.4 mm 
bjbt = 0.9880553 (0.7631579) 
THE THEORETICAL MAXIMUM OVERALL LATERAL DEFLECTION OF WEB 
~t = 11.52006 mm (9.270005 mm) 
THE EXPERIMENTAL MAXIMUM OVERALL LATERAL DEFLECTION OF WEB 
~e = 4.08000 mm 
~J~t = 0.3541649 (0.4401292) 
nIt = 45.45454 
hw/t = 81.77272 
r/t = 2.045455 
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THE POSITION OF OUTER YIELD LINE ON THE TOP FLANGE e = 42.24018 mm 
(15.44991 mm) 
EFFECfIVE WIDTH OF THE TOP FLANGE beff = 13.7702 mm 
Pfp FROM PLASTIC MECHANISMS = 5725.688 N (5120.542 N) 
Pfe FROM ELASTIC ANALYSIS = 5740.479 N (5147.316 N) 
Pfp - Pfe = - 14.7915 N (-26.77441 N) 
Pfe/Pp = 1.002583 (1.005229) 
AFfER NUMBER OF ITERATION N = 769 (619) 
THE ULTIMATE WEB CRIPPLING LOAD: 

FCB = 5725.688 N (THEORY) (5120.542 N) 
Fe = 4824.05 N (EXPERIMENT) 

Fe/FCB = 0.8425275 (0.9420975) 

The values in the bracket are obtained from the second procedure of the plastic 

mechanism analysis. 
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APPENDIX F 

RATIOS OF EXPERIMENTAL AND THEORETICAL LOADS vs. 

Fe / FCB1 

PARAMETERS STUDIED 
2'---=F:-"e-:-=EXP::-=':ER:::':":""It.A=EN:-:':T:'7A":""L'":"'U::-L T=-:IM:-:"A:-:T=E:-:'L-=O'":"'A=-D --:(:-:-:IO=F-:-') ---, 

FCB1 : CALCULATED FROM THE FIRST PROCEDURE 
1.8 hw : WEB DEPTH 

1.6 
t : WEB THICKNESS 

1.4 

+ 20'; 
1.2 to---------------------------------------

0.8 -----~Oi--------l----------~---
0.6 

0.4 

0.2 * THE FIRST PROCEDURE 

O~---r_~~~===+===+==~ 
50 60 70 80 90 100 1 0 

hw / t 
Figure Fl. FJFCBl vs. web slenderness ratio, for MIMe < 0.3. 

2:-r---:F:-"e-:-=EXP::-=':E=R7:""IU:=EN:':':T::':'A-:-L"7:U::-:L T::::IM:-:-A:-::T;;:E-;L-;;0:7AD~h(1 O;:;;:F=--)----" 

FCB2 : CALCULATED FROM THE SECOND 
1.8 PROCEDURE 

hw : WEB DEPTH 
1.6 t : WEB THICKNESS 

1.4 

+ 20,. 
1.2 ---------------------------------------

*t ** Fe/FCB2 1+---~~------~~------~~~~--; 

i ** ~* 0.8 ----- _ 20i-----------------------------
0.6 

0.4 

0.2 * THE SECOND PROCEDURE 

o~~~~==~==~==+=~ 
50 6'0 70 80 90 100 1 0 

hw / t 
Figure F2. F JFcB2 vs. web slenderness ratio. for MIMe < 0.3. 
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2:T-----------------------------~ Fe : EXPERIMENTAL ULTIMATE LOAD (IOF) 
1.8 FCBl : CALCULATED FROU THE FIRST PROCEDURE 

r : INSIDE BEND RADIUS 

1.8 t : WEB THIa<NESS 

1.4-

+ 20X 
1.~~----------------------------------------

Fe I FCBl 4H--------____________________ -4 

O.a. ~-- - --- ---------" :..-----.:------f -----
- 20" M * 

0.8 

0.4 

0.2 * THE FIRST PROCEDURE 

o~----~·---==4=====4====~~==~ o 2 3 4 
r / t 

Figure F3. F JFCB 1 vs. inside bend radius ratio, for MIMe ~ 0.3. 

Fe I FCB2 

2~----------------------------~ Fe : EXPERIMENTAL ULTIMATE LOAD (IOF) 

1.8 

1.6 

1.4 

0.4 

FCB2 : CALCULATED FROM THE SECOND 
PROCEDURE 

r : INSIDE BEND RADIUS 
t: WEB THICKNESS 

+ 20" 
----------------------------------------

~ ----------------------------------------
- 20" 

0.2 * THE SECOND PROCEDURE I 
0+----+--~4====4====~==~ o 1 2 :5 4 

r/t 

Figure F4. F /FcB2 vs. inside bend radius ratio, for MIMe ~ 0.3. 
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2~----------------------------~ Fe : EXPERIUENTAL ULTIUATE LOAD (IOF) 
FCB 1 : CALCULATED FROU THE FIRST PROCEDURE '.8 

r : INSIDE BEND RADIUS 

1.8 t : WEB THIa<NESS 

1.4-

+ 20% 
1.~ ~----------------------------------------

Fe/FCB1 4~ ____________________________ ~ 

o.~~--------... -.--~:Jt--.---~:r~~.~.--
- 20" 

0.8 

0.4-

0.2 * THE FIRST PROCEDURE 

0~--4i--~2~==+=j==~4==~ 
r / t 

Figure F5. F /FCB 1 vs. inside bend radius ratio, for MIMe < 0.3. 

Ft / FCB2 

2~------------------------------

1.8 

1.8 

1.4 

Fe : EXPERIMENTAL ULTlt.lATE LOAD (IOF) 
FCB2 : CALCULATED FROM THE SECOND 

PROCEDURE 
r: INSIDE BEND RADIUS 
t : WEB THICKNESS 

+ 20" 
1. -----------------------------------•• ---

* t* 
o. ----------------------.--~Jt-~-----.---- 20% 

o. 

0.2 * THE SECOND PROCEDl.ftE I 
O~----_r~~====+===~==~ 

2 
r / t 

Figure F6. F JFcB2 vs. inside bend radius ratio, for MIMe < 0.3. 
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