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Instability of steel structures manifests it's origin from inadequate end­

connections and member instability due to buckling and torsional effects. 

Torsional buckling studies arise from the need to accurately model the 

behaviour of steel members subjected te a load. The effect of end-conditions 

on torsional buckling of steel members is a relatively unexplored area. The 

onset of lateral-torsional buckling is characterised by a member's end­

conditions, where spatially rolations and deflectIOns are the serviceability limi! 

state. The end-conditions, which are divided in "only" three categories 

theoretically (free, pinned and fixed). are refined to more categories, which 

include semi-fixed end-conditions with different stiffness. Finite element 

studies of the end-conditions are presented, which established that the end­

conditions of the structural element determine the critical buckling load. 

iii 
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____ ~i~v~BACKGROUND 

Steel structures and steel elements in buildings (including high rise buildings) 
are essential to increase the strength characteristics of a structure, which is all 
due to the phenomenal strength of steel. Even reinforced concrete can resist 
a fair amount of loading thanks to steel used in it Immense amount of 
research was done thus far on steel, which includes strength, optimal 
geometric properties, instability of structures, buckling as well on torsion of 
sleel structural elements. However, there are still areas that need to be 
investigated 

Euler was the first to come up with an analytical method for predicting the 
flexural buckling of columns in 1759, wh"K:/l provided an analytical method for 
predicting the extent of reduction of strength in slender columns (still in use 
today). Saint-Venant did some more research on torsion and produced the 
first reliable description on how members respond to torsion Michell and 
Prandtl published the first publication on this topic, the treatment of narrow 
rectangUlar cross-sections subjected to flexural buckling in 1899 after 
extensive research. Timoshenko added the effects of warping tor~on to this 
work later. Timoshenko, Gere, Goodier, Winter, Bleich, Vlasov and Chajes are 
all responsible for the formulation of a general theory for flexural-torsional 
buckling of single span beams. columl1s al1d beam-columns having fixed or 
simply supported end conditions. In 1960 the advent of computer programs 
alleviated the slow progress In research prior. 

In 1970, Barsoum and Gallagher added grmvth considerably with the study of 
finite element analysis of flexural torsional buckling and made it possible to 
investigate almost all problems. Extel1sions to the theories of differential 
bending, torsion and energy equations of buckling, have led to many new 
general theories, which include one based on second-order relationships 
between deformations and strains that take place through bending al1d 
torsion. Timoshenko and Vlasov did most of the research. Timoshenko 
produced the first set of rules in 1924. Brown, Flint and Kerensky created the 
first modern treatment as a basis for the British Standard BS 153-1958. 

Theoretical formulation and computer software for steel frame analysis 
considering local-buckling effects have been developed successfully. The 
advanced analysis needs to be extended to include the effects of lateral 
buckling. Considerable research has also been undertaken into various 
aspects of steel frame behaviour and design. which include: 
• Material properties (Nethercot. 1992: Bradford. 1992). 
• Residual stresses 
• Geometric imperfections (Trahair and Bradford 1988), 
• Loading history (Ings and Trahair, 1987), 
• Second-order effects (Chen and Lui, 1987), 
• Large deflections (Chen and Lui. 1987). 
• Post-buckling strength and behaviour (Trahair and Bradford, 1988), 
• Load eccentricities (GIlen and Atsuta. 1976), 
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• Connections response, (Galambos, 1998) 
• End restraint, (Nethercot, 1992) 
• Erection procedures, and 
• Interaction with foundations. 

To qualify as an advanced analysis method, the analysis must be able to take 
into account all aspects mentioned above. It is envisaged that comprehensive 
assessment of the actual failure modes and maximum strengths of steel frame 
structures will be possible in practical design situations without resort to 
simplified methods of analysis and semi-empirical specification equations. 

With this, it is intended to provide a basis for subsequent investigations into 
the development of an advanced analysis method that is capable of taking 
lateral-torsional buckling effects into account. The information used was 
obtained from a variety of sources as listed in the bibliography of this thesis . 

• 
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v Terms of References 

Dr Alvin Masarira of the Department of Engineering and Built Environment at 
the University of Cape Town suggested the research topic; Torsional and 
Stability problems of steel structures to me in partial fulfillment of the 
requirements for the Degree of MSc in Civil Engineering as course. CIV500Z. 

Steel frame stroctures are widely used in industrial and commercial buildings 
in South Africa and right over the world. Practical advanced structural analysis 
methods can increase the accuracy and productivity in steel design and 
achieve greater economy and safe structures. The following issues have 
influenced the selection of this research topic. 
~. There are many incomplete design guidelines and disadvantages in the 

current steel design approach (e.g. SASS 0162-1: 1993). 
a. It is not practical to take interdependence of a member into account 

rigorously using SABS 0162, although the strength and stability of a 
structural system is an upperbound solution. and is not necessarily 
conservative. 

b. Using the approximate semi-empirical strength equations, the SABS 
0162 approach cannot predict the failure modes of a structural 
system accurately 

c. Elastic analysis to find the maximum loading effects and separate 
member capacity checks is an efficient design process. 

,- Steel frame structures may exhibit significant non-linear behaviour prior to 
achieving maximum load, hence a direct, non-linear analySiS is the most 
rational means for assessment of overall system performance. 

T Relatively slender I-section members are used to build most steel frame 
structures. Flexural torsional buckling often governs the limit strength 
design criteria of these structural entities. However, the prediction of global 
buckling is based on simplified elastic analySiS and appropriate semi­
empirical equations. 

" The material non-linearity and the change in geometry of the structure 
must be taken into account in true stability analySis. 

" Recent computer hardware and commercial finite element analysis (FEA) 
programs have enabled the development of detailed structural mooels in 
short time 

This research thesis includes the investigation into various aspects relating to 
the instability and "torsional buckling of steel structures'. with particular 
emphasis on the effect of member's end-conditions on the buckling load 
These aspects include 

• Corducting an extensive literature survey on the state of the art methods 
to design various types of steel structures subjected to torsional buckling 
This involves a critical review on testing methods used for members or 
structures: new and improved calculation methods for torsional buckling 
and computer simulations of structural behaviour. 
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• An investigation into the effects on the structural behaviour of members 
and/or structures as a result of torsional buckling It will include analysis, 
using a FEM software packages; Abaqus and Prokon to evaluate the 
mode offailure due to instability and elaborate on the results found. 

• The strength and stability of beams and beam/columns by which beams 
buckle by a combination of lateral bending and twisting with the most basic 
theoretical solul'lon possible will be invesl'lgated. 

• Also the elastic behaviour of geomotrically imperfect beams and columns 
will be investigated as a prelude to the treatment of design procedures 
which will include the effects of boundary conditions like support conditions 
e.g end plates. Investigate the effect of hot rolling. flame cutting and 
welding and get basic (user-friendly) theoretical predictions for a range of 
beam supports and loading conditions 
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viii INTRODUCTION 

Practicing engineers are often confronted with the design and analysis of steel 
buildings. The questions that always arise are whether the structure is over­
designed with all the safety factors for uncertainties; how small (optimal 
design) can the structural elements be, and will this structure do what it is 
sUPfXlsed to do, or will it fail? This can only be answered by thorough 
investigations numerically, analytically and practically (laboratory 
experiments). It is never enough, but one will be tempted to say that enough 
research was done on strength of steel under axial and bending effects. New 
and modern technology and theories ease the effort of the engineer to 
produce an easy, fast and economical solution to his problem. 

Currently. if steel is evaluated for service subjected to axial, bending and 
torsion, almost no user-friendly fOmlulations are available or even a computer 
program that can help, which makes it very tedious for engineers. The current 
design procedure for steel frame structures is a two-step process; including an 
elastic analysis to determine design action effects and a member capacity 
check using semi-empirical specification equations. 

Torsion can effect many properties of steel and almost always result in 
instability of the member or structure. Failure due to lateral-torsional buckling 
is a three-dimensional distributed plasticity instability problem. Unlike in-plane 
buckling of beam-columns, the analytical solutions of ultimate strength for 
lateral-torsional buckling are not general for all elements. Colossal research 
was done on the instability of steel structures and modes of failure and 
fOmlulated, but with lengthy calculations and some indecorous assumptions. 
For this reasons there is a need to do further research on the torsion and 
torsion combined with bending on steel. The fundamental aspect of lateral­
torsional buckling is the end-conditions of the structural steel member in 
question. 

The purpose of this research is not just in partial fulfillment of the 
requirements for a MSc degree In Civil Engineering, but to add to the 
technology and improve engineering solutions to problems. With this research 
it is intended to investigate modes of failure of steel members or structures 
and possibly add to formulae and methods to solve torsional problems in steel 
construction. The reason for this research is also to add to the outline of the 
general behaviour and methods of calculations for beams, columns and 
beam-column connections when they are subjected to transverse loading 
causing torsion. The modes of failure of the structural element that is of most 
interest are torsional buckling and flexural torsional buckling as weR as local 
buckling. A beam subjected to an increasing unifoml moment at a critical 
value of moment ~ (or compressive bending stress), it will collapse suddenly 
by buckling. 

xIII 
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Deformations consist of a mixture of torsional and lateral flexure twisting and a 
sideways movement. This behaviour depends upon the following factors: 
I. Beam sectional properties 
II. Boundary conditions (i.e. fixed. pinned, semi rigid, warping resistance 

etc.). 
iii. Beam span. 
IV. Imposed moment 
v. Distance between lateral restraints on compression flanges. 
vi. Direction of eccentricity of applied loads relative to the shear centre. 

The relationship between the above factors is of great importance and proper 
relationships and/or effects on the structure need to be explored in action for 
design purposes. Strain is used to evaluate most of the deformations, and 
forces because they are easily measured experimentally. 

The structure of this thesis is as follows. In chapter 1, a wkle variety of 
available literature was surveyed, provkling a comprehensive review on 
torsional buckling and instability of steel structures. Torsional effects on 
beams and columns are described in chapter 2. This is followed by a review of 
the structural fixity and member stability, as well as a brief on finite element 
analysis. The finite element studies of end-conditions and torsional buckling of 
structural steel members are presented and discussed in chapter 5. The 
thesis is concluded with some comments and suggestions for future 
development. 

xiv 
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1 LITERATURE REVIEW 

1.1 INTRODUCTION 

In rEcent years, there has been increased and progressive interest in the need 

to correctly predict and assess the failure modes of steel members in order to 

make more realistic and economical predictions about tile response of steel 

framed buildings. Research In the behaviour of steel member's failure mode 

spans approximately sixty years. Througll Ihat time steel member capacity 

calculations, has come in and out of tile spotlight. This brief account highlights 

the major experimental work on torsional buckling and instability of steel 

structures. 

A great deal of analyses on failure modes, especially on torsional buckling of 

steel members has been successfully performed for elastic behaviour, Some 

of these work has been done by SchaferPI (1997), Yang Bail~1 (1995), Zeng 

Yuan l8 '1 (2000), Nethercotl~<1 (2002), Kemp(38) (2002). am MaSa(lra:LJ) (2002)_ 

However, the study of torsional buckling and instability of steel members is a 

relatively complex research area with many uncertainties still present For 

example, Chou, Seah and Rhodes-'81 (1996) summariled the state of the art 

prediction abilities of cold-formed steel design speCifications and found 

limitations and discrepancies in all major design specifications Also, 

Schafero)j (1997) used finite strip and finite element analysis demonstrating 

that the torsional mode has greater imperfection sensitivity IIlan local modes. 

Similarly, experimental studies of torsional buckling and instability of steel 

structures are meager and inoomplete due to huge costs of carrying out such 

experiments. Netherco(,4: (2002) highligilled tile importance of combining 

experilTlental and numerical study in advancing structural engineering 

understanding by using evidence from research over varying periods of time. 

Della Cortel?oj et al (2001) developed a semi-empirical method for evaluating 

the connection Ilysteretic behaviour. Full-scale experiments are very 

expensive, however, appropriate 'hard' data greatly assists the research 

process with intuitive thinking. 
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2 TORSIONAL EFFECTS ON STEEL MEMBERS 

2.1 INTRODUCTION 

Attention is confined to the different modes of failures with patiicular emphasis 
on torsion of steel beams, as well as longitudinal stresses and bimoment 
These items are coupled with boundary conditions, which are the most 
fundamental influences that should be considered. 

All structural materials are to a certain extent elastic in nature. This means 
thot if externol forces, produciny deform<ltion of a structure, (lr8 applied, but 
do not exceed a certain limit, the deformation disappears with the removal of 
the forces. For this reason it is very important 10 find out where or al what 
forc;e this limit is 

The ductile behaviour is h'lghly desirable when the structure is called upon to 
absorb energy. After the maximum load is reac;hed the material continues to 
withstand the load, undergoing large deformations without fracture. This 
capacity (critical buckling load). by virtue of which the material can sustain the 
load without undergoing fracture, is attributed to steel's ductile nature. 

2.2 TORSION 

When an external moment acts about the length axis of a structural member 
it causes torsion rather than bending. The deformation takes the form of 
twisting or warping The forces, deforma~ons and stresses caused are 
tangential to the cross-section of the cut member. The result is that torsion is 
always associated with shear deformation due to shear stresses. 

Despite the apparent differences in the loading, there are similarities between 
bending and torsion in the linear distribution of strains and stresses. Exact 
solutions exist only for special types of cross-sections, but we examine some 
approximations that apply to other cases. 

The angle of twist in a member of any cross section subject to torsion and free 
to warp at its ends (i.e. pure or St. Venant torsion) is given by the formula: 

where, 

(J _ Tf 
JG 

( = length 
0= rotational displacement 
T = torques 
J = torsion c;onstant 
G = shear modulus 

(2.1 ) 
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2.2 1 Torsion of prismatical bars. 

When starting with torsional problems it is easier to 
introduce it with a circular shaft. The exact solution of the 
torsional problem for a circular shaft can be obtained if 
one assumes that the cross sections of the bar remain 
plane and rotate without any distortion during twist. 
Coulomb developed this theory. and Navier applied it 
later to prismatical bars of non-circular cross sections:n:. 
Navier then concluded that for a given torque. the angle 
of tvvist of the bars is inversely proportional to the 
centroidal polar moment of inertia of the cross section, 
and that the maximum shearing stress occurs at the 
points most remote from the centroid of the cross­
section. 

A simple experiment was later done on a rectangular bar. which showed that 
the cross-section of the bar does not remain plane during torsion, and that the 
distortions of rectangular elements on the surface of the bar are greatest at 
the middle of the sides of the bar. i e. at the points which are nearest to the 
axis of the bar (see fig. 2.1) 

The most correct solution of the problem of torsion of 
prismatical bars b¥ couples applied at the end was given 
by Saint-VenantI8"" who used a so-called semi-inverse 
method. If one consider a prismatical bar of any cross­
section twisted by couples applied at the ends. (see fig 
2.2). Saint-Venant assumed that the deformation of the 
twisted shaft consists of rotations of cross-section of the 
shaft as the case of a circular shaft and warping of the 
cross sections, which is the same for all cross sections. It 
was found that the displacement corresponding to 
rotation of cross section is 

u '" -(lzy. II = Ozx 

~;9l'". 2.2. T "",.,'9 d 
ro.""1,./ '" 

(2.2) 

where ilz is the angle of rotation of the cross section at a distance z from the 
ongm 

The warping of cross sections is defined by the function 

w = Oljl(x,y) (2.3) 

With Eq's 2.2 and 2.3 it can be seen regarding the deformation that there will 
be no normal stress acting between the longitudinal fibres of the shaft or in the 
longitudinal direction of those fibres. Also no distortion in the planes of cross 
section will occur. since C"C,;j\Y' vanishes. 
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3 STRUCTURAL FIXITY AND MEMBER STABILITY 

3.1 INTRODUCTION 

Structures must be capable of sustaining all imposed loads and forces, in 
order to function. These loads and forces are transferred to the vital "spine" of 
the building's structural framework. The loads and forces a structure must be 
designed for are usually stipulated by an applicable code. 

All structural material has certain physical properties, which are important to 
design engineers_ These physical properties, which are common to structural 
steel, make it possible to predict the behaviour of the member in almost all 
cases. 

A material's record of its elastic deformation (elastic range), followed by the 
plastic deformation (plastic range) and strain hardening is important The 
strain from the elastic limit to the onset of the strain hardening (a reserve 
strength that is not taken into account in classic design) is approximately 15 
times the maximum elastic strain. For stability of any member. it is important 
for the designer to stay within the elastic limit of the steel. 

3.2 TYPES OF MEMBERS 

Beams utilized as structural floor and roof members in buildings can have 
different cross-sections (Fig. 3.1), depending upon suctl factors as economy, 
aesthetics, and required span . 

.,;? 
hL;/" ,.-

c,..,. "" .. , ",."00 

FigJre 3.1 r" • . Different beam cross-sections 

« 
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These models will provide more insight into the torsional buckling and 

instability of steel structural elements subjected to failure loads The main 

purpose of this thesis is to investigate the effects of boundary conditions on 

stability of a structural steel member 

, l I'JG #11\1 YSiS CF BEN' 
o 1(1:,{U 

Figure 5.1 Mesh density of an I·beam (using Abaqus~~l) 

5,2 DESCRIPTION OF THE MODELS USED IN INVESTIGATIONS. 

A 150x150x1 8 angle-iron with ~ngths 5m, 7 5m. 10m and 15m was subjected 

to a UDL (uniformly distributed load) for a buckling analySiS and stress 

evaluation A PFC 20Ox75 channel and al254x146x31 section were also 

used in the analysis. All the beams were simulated with 6 different types of 

end conditions given in table 5, 1, 

The pinned-end was simulated with 2 bolts in one line. longitudinal to the 

member and the semi-fixed with 4 bolts (2x2). The end conditions in table 5.1 

do not include all pOssible end conditions, but represent most of the 

comections used in practice 
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The bucklil1g loads for different end-conditions and lengths are compared in 

graph 5.3 and found that the elld-conditiollS (type of fixity) and length of a 

member influence the buckling load of the member greatly arid structure as a 

whole. From the graph. it is evident that for the differellt end-fixities, the 

bucklillg oad mallges in the same pattem with dlange of beam length. 

Graph 5.3 Buckling load for a PFC 200x75. 
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From graph 5.3 it call be seen that as the end conditions (type of fiXity) 

becomes less stiff, the buckling loads become much less for the same length 

of beam If the designer does not take these factors such as end-st'ffness into 

account. it might result in inaccurate results. The trend of the graph is exactly 

the same as for that of the 150x150x18 angie-iron The beam with the fixed­

fixed end-collditions have the most stiff end-condition, that can reSist almost 

three times that of a beam with SF-SF end-conditiOlls and almost ten times 

that of a beam with pinned end-conditiOlls. 

The cantilever beam for the same lel1gth, larger than say for example 6m 

reflects that it has a bigger buckling load capadty than that of a beam with 

pi nood end-col1ditiolls. The tact that the elld 's built-in might cOlltribute to this 

difference Despite the fact that the upper flarlge of a cantilever beam is 

always in tellsioll, it is this flange that deforms more due to the buckllllg load, 

whim reduce the lateral stability of the member funher It is for this reason 

that a cantilever needs special cOllsideration - Nethercotl" l (1963) developed 

a methOd (equation 5.2) to calculate the reSistance of a cantilever beam 
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Initi<llly, the cantilever beam deflect in the vertical plane due to bending but as 

the moment increases, it reaches a critical value A1,,, where it buckles 

sideways, twists and collapses (lateral torsional buckling) . 

. ~. 
Figure 5.2 Buckling of a PFC (cantilever using AbaquiW)' --- - - -

Figure 5.2 is a computer simulation of an exaggerated deformed shape of a 

cantilever parallel flange channel failing under a buckling load using the 

program Abaqus[85j The different colours indicate the different stresses In the 

element wilen buckling occurred 

Figure 5.3 Buckling of a PFC (fixed-fixed- using ProkoriiJiil
) 

" 
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Figure 5.3 is a computer simulation from Prokonlll6l of an exaggerated 

deformed shape of a parallel flange channel. fully fixed at both ends failwg' 

under a buckling load using the program Prokon. The line diagram is the 

deformed shape of the PFC due to the buckling load applied. 

The buckling loads for a specific length of beam were plotted versus different 

fixities as shown in graph 5. 4 

Graph 5.4 Buckling load for a PFC 200x75 (different fixities) 
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From graph 5.4, it can be seen that the buckling load of the member 

decreases as the stiffness at the joint becomes less (from fixed to semi-fixed 

to pinned to free) The beam length IS indirectly proportional to the buckling 

load. with an increase in length there is a decrease in the buckling load As 

the length Increases or the end-condition becomes less stiff the beam 

becomes relatively weaker in resistance to torsion and to bending about the 

minor aXIS, and becomes unstable under loading The instability manifests 

itself as a sidewise bending accompanied by twist and is known as lateral 

buckling or lateral-torsional buckling 

From the graph, it is noticed that when the length of the beam Increases by 

50%, the critical buckling load reduces by apprOximately 90%. and if the 

length doubles, it reduces by a huge 98% for all end-conditions except for the 

cantilever beams which reduces respectively to approximately 43% and 9% 
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Focusing on end-conditions, a beam with F-F end-conditions. a beam with F­

SF end-conditions resist merely 60% of the original load, and with SF-SF end­

condition 30% of the load compare to the 10% of the beam with P-P end­

conditions 

There is a need to adequately address end-fixity conditions persuaded in 

graph 5.4. There are such a great variety of joints (fixities), lNhich result in a 

wide range of buckling loads for the same length of beam_ In this work, only a 

section of these end-fixities were modelled The end-fixities can be dlvded 

into numerous categories according to: number of bolts, amount of wetding. 

end plate design_ 

The analysis results of the PFC 200x75 beam can be used to verify or 

broaden the knowledge on the effective length factor K from SABS 0162_1 1&); 

1993 with the same method used for the 15Ox150x18 angle-iron The codes 

take the limit states (the critical buckling load) at which the structure becomes 

unfit into consideration, The K values in table 5,8 were calculated for the 

simply supported beams using results from prokon and the limit state 

formulas suggested in the commentary on the SASS 0162-1 (see Appendix 

2). From graph 5.4 and table 58, it is obvious that no trend can be established 

for the K values of the beams with different fixities for the PFC 

Table 5.8 Effective length factor K for PFC beams 
I --------- ----

Eod 
! Conditions 

5m long 7_5m long 10m long 15m long 

FF 35,35 I 75_27 154_07 2364,70 ; f--
F-SF 42,64 100.34 207.27 3017.45 

----
SF-SF 55,87 145,81 298,30 4255,09 

F-P 51.44 121.85 257 16 3733,88 
, 

P-P i 779'0 199,67 417.92 6725,36 
- -----

CANT 
, , 15,39 16,92 16,70 228,20 

----- .L 

For the 5m and 7 5m long beams, the cantilever does not give the expected K 

value If compared to either the SF-SF end condition or P-P end-condition, The 

5m long beams do not show much of a variation in K values due to end-fixities 
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whereas ali the other beams with lengths 7.5m, 10m and 1Sm do The high 

values for K might be an indication that the formulae used are very 

conservative. 

In the computer analysis. six types of end-conditions combinations were 

considered in order to demonstrate the great diversity in end-conditions, and 

what affect these have on the design of the structural element In practice 

the worst-case scenario is taken with safety factors and this might not be 

economical. If the SF-SF end-condition s allocated with a K value of 1 and the 

other end-conditions are compared to it for the different lengths. then table 5.9 

is produced 

Table 5.9 Effective length factor K for PFC simply supported beams using 
results from Prokon and equation S.1 taken to a unit number ._. --

Eod 
Sm long 7.Sm long 10m long 1Smlong Average 

Conditions , 
FF 0.63 0.52 052 0,S6 056 

F-SF 0.76 I 0.69 0,69 
, 

0.71 0.71 ; 
- , . 

SF-SF 1.00 1.00 100 100 1 00 
. . _- . 

F·P 0.92 0.84 0.86 0.88 0.87 
-------_. 

p.p 1 40 1.37 1.40 1 58 1,44 
.. _--

CANT 0.28 I o 12 0.06 0.05 0.13 
.-

From the ,"~ble 5 9 and graph 51 it can be seen that there is a certain trend 

for the different lengths and fixities of the PFC beam subjected to a UDL on 

the beam. From graph 5.1 and table 5.9 it is evident that the length of a 

member is indirectly proportional to the buckling load; as the length increases, 

the buckling load decreases. Furthermore, the stiffer the end-condition the 

higher the buckling loads of the PFC, VVhen the beam length changes from a 

Sm length to a 7 Sm length. the critical load decreases by approximately 90%. 

and when the end-condition changes from fixed-fixed to semifixed-semi fixed, 

the critical load decrease by approxima'ely 9::1%. From this it is observed that 

there is a wide range of structural capacities for the same beam and that 

many of the laboratory experiments and computer analysis still need to be 

done in order to make steel design more accurate 

, , 
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5.6 THE ANALYSIS OF THE 1254X146X31 I-BEAM. 

The end conditions simulated in the analysis for the 1254x146x31 I-beam are 

the similar to that for the 150x150x18 angle-iron 

A buckling analysis was done for the I-beam subjected to a UDL. The buckling 

loads are given in table 5.10 and graph 5.5. It is evident that the end fixity 

conditions have a great influence on the buckling load of the parallel flange 1-

section Unlike the angle-iron and the channel, an I-section is symmetrical 

about both axes. For the angle-iron and the channel it was logical that the 

beam twists to the weaker side of the section causing it to buckle under a 

load. whereas in the case of an I-section, it must have a deficiency like 

permissible variation given In The South African Steel Construction 

Handbook[63] in dimension or weakness in element The allowable 

dimensional deviations also need to be taken into account The K values are 

calculated using the SABS 0162_1 1W 1993. In the computer analysis, six 

types of end-conditions combinations were considered in order to observe the 

great diversity in end-conditions, and what affect this can have on the design 

of the structural element. 

Table 5,10 Load bearing capacity of 1254x146x31 
End Ii I I 

15m long 

From table 5.10 and graph 5.5 it can be seen that there is a trend for the 

different lengths and fixities of the ]254x146x31 I-beam loaded with an UDL 

on top of the beam From the graph and the table it is evident that as the 

length increases. the buckling load decreases. Also the stiffer the end­

condition the higher the buckling load of the I-beam 

\Nhen the beam length changes from a 5m to 7.5m the critical load decrease 

by approximately 90%, and Ivhen the end-condition changes from fixed-fixed 

to semifixed-semifixed the critical load decreases by approximately 90%. 
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From this it is observed that there is a wide range of structural capacities for 

the same beam with its different end-conditions 

Graph 55 Buckling load for an 1254x146x31 
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The South African Steel Construction Handbook[6ll! allows f:lr several 

dimensional deviations (tolerances), which might trigger a failure mechanism 

with a smaller buckling load than anticipated The buckling load for a specific 

length of beam has beam plotted with different fixities as in graph 5.6. 

Graph 5,6 Buckling load for an 1254x146x31 (different fixities) 
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From graph 5,6, it can be seen that the buckling load of the member 

decreases, as the stiffness at the Joint becomes less (from fixed to semi-fixed 

to pimed to free) As the length of the beam decreases, the buckling load 

increases, As the length increase or for a less stiff joint the beam becomes 

relatively weaker in resistance to torsion and to bending about the minor axis, 

and becomes unstable under load, The instability manifests itself as a 

sidewise bending accompanied by tw'lst and is called lateral buckling or 

lateral-torsional buckling If the graphs (5,3 & 54) of the PFC and the graphs 

(55 & 56) of the i-beam are compared, it follows a similar trend for both the 

change in length and different end-fixities 

The buckling load results from Prokoni1l"lj and Abaqus:1:I:>I have been used to 

calculate K in accordance with SABS 0162_1 iool (refer to Appendix 3), The 

effective length factors are listed in table 5.11 No definite trend can be 

established for the K values of the I-beams With different fixities, Comparing to 

the first two beams, the I-beam meets more the expected values in design 

practice 

Table 5,11 Effective length factor K for I-section simply supported beams 
using results from Prokon and eCJ.!:Jalion 5 3 - - - -- - .. --

Ecd 5m long 7,5m long 10m long 15m long 
Conditions - - - - - -- -- -

FF 0,20 0.57 1 28 4,21 

F-SF 0,50 1 30 2,73 8,51 
-

SF-SF 1 50 2,10 4,23 9,89 
- - - r-F-P 0,79 1.72 3,27 10 71 

P-P 200 3,35 5,82 16.85 
-

CANT 0,87 1 08 1 64 5,28 
-

In SABS 0162_11(50: 1993, clause 94,1, the effective length factor K is 

implemented (results from laboratories and analysis) to account for the type of 

fixity, but only three types of ' ideal' fiXities have been used ignoring the wide 

range of fixities In an attempt to verify or broaden the knowledge on the 

effective length factor K used in formula 5,3(a), the buckling load results have 

been used to calculate K with formula 5,3(a), When the buckling load of a 



Univ
ers

ity
 of

  C
ap

e T
ow

n

beam is designed according to SABS 0162-1 1001. (1993) - clause 13,6, the 

critical elastic load of an unbraced member is given by: 

M, - ri: ,/;;-,GJ +(Il£/rr I.e (5.3 a) 

compared to 

(AISe Manuals) (53.b) 

where: KL is the effective length of unbraced portion of a beam 
w" " 1.75 + 1,05" + 0.31(2 ~ 2.5 (for unbraced lengths subject to 
end moments), or 
1J)2 " 1.0 (when bending moment at any point within the 
unbraced length is greater than the larger end moment or when 
there is no effective lateral support for the compression flange at 
one of the ends of the unsupported length) 
Cw is the warping torsional constant 
" is the ratio of the smaller to larger ultimate moment at opposite 
ends of the unbraced length (positive for double curvature and 
negative for single curvatLXe) 

II is evident that no trend can be established for the K values of the beams 

with different fixities and beam lengths. There are a couple of reasons why 

this is the phenomenon. One being the fact that equation 5.3(a) was rewritten 

from the equatlOfl 5.3(b) from AISC manuals. The K value to the length inside 

the square root was omitted when implemented in the SASS 0162_1/"J1. 

However, if the SF-SF end-condition is taken as the fixity with a K value of 1 

and Ihe other end--conditions are compared to it for the different lengths, Ihen 

table 5. 12 is produced. 

Table 5.12 Effective length factor K for J-sectlOfl 
using results from P k d 51 k 

simply supported beams 
be ro on an equation ta en to a unit num c 

Eod , , 
5m long , 7.5m long 10m long i 15m long Average 

Conditions , 

FF 0.13 0.27 0,30 
, 

0.43 0,28 

F-SF 
, 

0.33 
, 

0.62 0.65 
, 

0.86 0.61 

SF-SF 1,00 100 100 100 1.00 

F-P 
, 

, 
I 

! 
I 

! 
, 

0.53 0,82 077 1 08 0.80 . --..j 
pop 1.33 1.60 1.38 170 1.50 , 

CANT. , 
0.58 0,51 0,39 , 0,53 0,50 , 
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From table 5.12 it can be observed that with a given factor or part formula for 

the length of the beam in equation 53(a), K values can be established for 1-

sections, 

Figure 5A is an example of the type of computer simulation in aid to help ease 

our analysis and ultimately designs methods 

Fiflure 5A IS an example of 
a cantilever I-beam buckling 
using, Abaqus to get the 
eigenvalue and ultimately 
the buckling load 

It is also evident that the formula in the SABS code must be used with caution 

From all of the above discussions. It can be concluded that there are still work 

to be done on torsional buckling of steel elements 

With further investigation and mathematical knowledge the equation 5.3 can 

be properly examined leading to a reformulation or factor that can account for 

the length and fixity properly 
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5,7 THE ANALYSIS OF THE 305X305X118 H-SECTION_ 

A buckling analysis was done for the H-sedion subjected to a point load on 

the top of the structural element (column) for different end-conditions. Figure 

5.5 shows the result of a buckling analysis of a cantilever column with an axial 

load. The line diagram depicts the defleded shape of the column The column 

was analysed in lengths of 3m, 4m, 5m and 6m respectively, 

Figure 5.5 Buckling of a H-secflon column (cantllever- uSing Prokon) 

The buckling analysis of the 305x305x118 H-sectlOn column produced tiJb~ 

5.13, From the table. a graph (graph 5. 7) was produced by plotting length of 

the member versus the buckling load for a specific end-condition 

CANT 8294 2639 
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Graph 5.7 Buckling load for a 305x305x118 H-section column 
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From the graph 5.7 it is evident that there is a definite trend between the end­

conditions and change in length of the column Leonhard Euler formulated a 

formula (see Eq. 54), 'Which claims that the crit'lcal bucking load of a perfect 

column is indirectly proportional to the member's length squared. To prove 

Euler's theory, the buckling loads were multiplied by the length squared of the 

member and plotted (see graph 5.8) for the different end-conditions 

P =,, 'E,l 
" (KL) ' 

(5 ,1) 

Graph 5.8 Buckling load x ! for a 30Sx305x118 H-sectlon column --, 
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As expected, for all the lengths with pinned-pinned end-conditions, the 

buckled load multiplied by the length squared is almost similar Although, for 

the other conditions, the figures do not correspond that well but are very 

close. With the formula and methods used in the SABS 0162. it is impossible 

to use the answers (buckling loads) to calculate the K values and compare the 

end-conditions in terms of stiffness for design purposes, However, equation 

5.4, derived from Euler's formula was used to calculate the K values in order 

to achieve valuable conclusions. The K values were calculated with the use of 

the equation 5.4 and results from the analysis with the aid of the FEM of 

Prokorl9!5] and Abaqus]~~i and are listed In table 5.14 

Table 5,14 Effective length factor K for 305x305x118 H-section column using 
results from Prokon and equation 5 4 

, 3m long 4m long 5m long 6m long 

I 
-

FF 6 14 13.90 26,60 45.43 , 
. ._-----

F-SF 9.17 16.94 28,82 47.56 
.--. 

I 

-
SF-SF , 13.95 25.20 43.25 71 88 , --

F·P , 18.05 36.92 , 62.76 95.91 
- ---r 

p.p 
, 

63,34 102.36 149.30 204.71 
. 

CANT 2431 57.47 112.08 194.21 

Graph 5.9 K Unit Multiplier for a 305x305x118 H-sect/On column . 
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The values of the SF-SF end conditions corresponding to the length were 

used to calculate a formula in order to convert the K-values to unity for these 

end-conditions. The values were plotted against the length as in graph 59, 

which was used to translate the K-values to unity for the SF-SF end­

conditions and the corresponding K values for the other end conditions. The 

equation from graph 5.9 was incorporated in equation 5.5, which produced the 

follD'INing equation' 

:r' FJ 
p ~,-------~~------C' " r KL , .. '. 

IJ43445L' - 1991 n + 34.7~~) J 

(5 5) 

Equation 5.5 and the buckling load values from Prokon were used. which 

produced the K-values in table 5.15 , 

Table 5 15 Effective length factor K for 305x305x118 H-section columns using 
res~ts from Prokon and e uallon 5.4 taken to a unit number 

3m long 4m long 5m long 6m long Average 

FF 

~::-
056 0.61 0.63 056-

-- ~ -
F-SF 0.69 066 0.66 066 ; , 

~.~---~ 

SF-SF 0.99 1 02 0,99 1 00 100 , ._--_.-

F-P 128 150 143 1 34 1.39 
~- ~ . 

P-P , 448 , 4.16 3.41 2.86 3.72 
--

CANT ! 172 233 2.56 2.71 I 2.33 

With Equation 5.5 and the values from Prokon or Abaqus a proper. consistent 

value for K can be obtained Thus the column buckling formula can be 

rewritten as in equation 5.5 and the K values for the end-conditions used as in 

the average column in table 515. With the same method. the K values for any 

other end-condition can be calCUlated and used in the formula 

, 
I , 
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6. Analysis of Thesis 

6.1 FINDINGS AND CONCLUSION 

Legislation attempts to set minimum standards of safety to comply with. and is 

wrillen for the enforcement authorities to meek that designs being produced 

are intrinsically and fundamentally safe It can be observed that the SASS 

0162-1 [s~r 1993 code does not provide accurate guidelines on how to deal with 

torsional buckling and instability of ste~ structures 

An attempt should be made to get the true formulae and design methods for 

any member wi th any end-condition in structures. A structure should be 

designed as an entity and not by parts smce other members influence the 

stability of members positively, thus increasing the buckling resistance 

depending on the joint fixi ty 

It has been shown that the critical buckling load of steel beams and columns 

is influenced by the stiffness of the structure/member (which includes end­

conditions) that restrains member/structure against twist or torsioo This 

mfluence is Important for small load eccentricities and stability of a structure 

as a whole, In the Prokon[85' and Abaqus[BS analyses it was found that the 

beam with fixed ends have a critical buckling load more than ten times that of 

pinned ends. which does not correspond with most codes of practice 

However, in all the beams, the semi-fixed end-conditions were taken to unity 

in order to derive a K value and ultimately a formula for each end-condition 

used. It was also noticed that the formula in the SASS 0162-1[fJJI1993 clause 

13.6 does not allow properly for mange in length of beam. However, there 

was a trend for each end condition with relationship to the length of the 

member 

In the analysis of the columns, it was found that all end-conditions followed a 

trend in terms of critical buckling loads and column length Eu[er's buckling 

load was used to calculate the K values for the end-conditions used, whim 

resul ted in an altered Eu[er's Buck[ing load formula. which takes the change in 

length of a beam properly into account and take K value for a semifixed end­

conditions as unity 

For both the beams and columns under lateral-torsional buckling, the SASS 
0162_1[001 1993 code appears inadequate, 

" 



Univ
ers

ity
 of

  C
ap

e T
ow

n

asa 

on 

a 

93 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1. 

1 

11. 

1 

1 

1 

1 

1: 1 

a J 

cover 

.... ... Iot........ 1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1 
). 

1 

1 

1 

II 



Univ
ers

ity
 of

  C
ap

e T
ow

n

III 



Univ
ers

ity
 of

  C
ap

e T
ow

n

IV 



Univ
ers

ity
 of

  C
ap

e T
ow

n

v 



Univ
ers

ity
 of

  C
ap

e T
ow

n

). 

V1 



Univ
ers

ity
 of

  C
ap

e T
ow

n

1) 

= 

IS a p8J~arrlet€~r mono-

as: ~ 1 = 

=0 

= ---:.:.-

= 
= 
= 
= 
= 
= 

VII 



Univ
ers

ity
 of

  C
ap

e T
ow

nit can seen 

were 

VIII 



Univ
ers

ity
 of

  C
ap

e T
ow

n

+ 

== 

IS a DwranletC;,r mono - svrnIllletrv 

as: ~ 

::: 

::: 

::: 

::: 

::: 

::: 

::: 

IX 



Univ
ers

ity
 of

  C
ap

e T
ow

n
it can seen 

f"nlntiiitinr"C! were 

as 

x 



Univ
ers

ity
 of

  C
ap

e T
ow

n

where: 

,nh,"!ClI1"&1II'I I", .. ",+I~., I!iIJUII::I1..i1 to 

= 
= 
= 
= 
= 
= 

The that as in to what 
was 

moment-

t".nll'll'liltinrulO were to \.iCII" .. Ulilii ... -" ........ ,.. as in 

1. 

XI 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Appent!ix4 

Some visual results from Abagus 

The program, Abaqus was used to verify the some of the results from the 

program, Prokon. A few of the visual results follows: 

step BUCKLE, BUCKLING ANALYSIS OF BEAM 
Modp. 1 EigenValue = 010570 
Prwmry V~ S, Mises 
Deformed Var L; DEfotTTlation Scala Factor +5.000&+02 

B[)CKLNG OF AN I-BEAM: CA. '1TlLEVER 
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step: BUCKLE, BUCKLING ANALYSIS OF BEAM 
Moo:1e 1 Eig<!l1Value _ O,G495~ 
Prmacy V;Y: S, Mise; 
De1crmed VfY' U WD!TI..a:"", Scale Facte(: +5J)OO",~02 

BUCKU"G OF AN I-BEAM: FIXED ENDS 

step: SUO<LE, BUCKLING ANA~YSlS OF SEAM 
MOO€ 1 Eig<!l1Value = 0,30215 
Prmry V;y: S, Mise; 
De1crrood VfY' U Odormet"", Scale Foct"": +5.1)0.),,+02 

BUCKLJ:'\IG OF Al\ I~BEAM: PINNED~PINNED 

'" 
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BUCKLING OF A CHANNEL: CA'ITILEVER 

The eigenvalue for each particular beam and column were multiplied by the loading in 

order to gellhe buckling load of the particular member 

'" 
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Appendix 5 

Data from Abagus 

The following table the results of an 1254x146x31 I-beam subjected to a UDL 

Load bearina capaci! of I 254x146x31 IkNlml usina FEM proaram, Abaaus 
End Buckling load of I 254x146x31 

Conditions 5m long 7.5m long 10m long 
FF 327.304 29.009 5,291 

F-SF 116.983 11.643 2.197 
SF-SF 35.594 3.680 0.722 

F-P 55.247 6.593 1 371 
P-P 9.863 1518 0.347 

CANT 9.794 1 507 0.345 

15m long 
, 0.456 

l_~O~20~O,--_ 
0.071 
0.118 
0.034 
0,030 

Compared to the results from Prokon the results differ by less 6% 

The follOWing table the results of 305x305x118 H-section column subjected to 

a Point Load 

of a 305x305x118 H·section column (kN) using FEM 

Compared to the results from Proi<:on, the results differ by less 7%. 

With this the results were verified and the results of Prokon were used in this 

thesis 
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Apperxjix6 

Some visual results from Prokon 

A few of the visual results from the program Prokon to fol low: 

The first two figure are of a 150x150x18 angle iron subjected two a UDL 

_·_~""'w~., _ . , w 

""":"'IC~(f;,,,g;-
,~ -",' 

-

Stress dlSinbution -01 a 150xl50xl a 
allgle iroo 

The following is the output from Prokon from the buckling analysis: 

~=~====,~=====,~=~ OlJl"PUT: BUCKLING ANALYSIS =~,~====~--~----

•••••••••••••••••• LOAD CASE CASEI u ............ H .......... .. 

-~---~- BUCKLING WAD FACTOR FOREAGIMODE SHAPE =~~------

Mode sh""" Load factor 

I 0,(1(170 
2 0,0252 

------ -- NORMALIZED BUCKUNG MODE SHAPES =~-------

=========== STATISTICAL DATA - - ------ -,- - - ,- --== 

Own weight of structllfe 0·_ 0.00 

No. of real number' jn SlilTncss!mass rIlIOlri. - ~2 1 R47 (4174776 b)1"') 
Time nsed to analyse = 0: 0: 10. 9<)0 ,"collds 
Total nnmberof Nod., = 13~9 

Beam Elements - 0 
Shcll Elcmcrlls - 1200 
Suppons - 9 
s"ctiOll propcrlJCS - 0 

Load cases - I 
Load combinations - () 
MCJdo: ,hape' = 2 

No of subspace itemtioI15 = 4 

--- ------------- END OF OlJI"PUT~--------~ 

,. 
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The followirl\l is the r!lsuKs 01 a 5m PFC 200x75 subjected to a UDL with botll ends lixed 

EXllggcratcd buckling displa""ment of a PFC lOOx75, 5m 
long with Fixed ends 

________ ~___ OCTPL T : BOCI;U"(; A"ALYSI' w ___________ ·~ ______ _ 

.............. "" ... ,," .. LOMlCAS>O 1 ... ,,,, ... ,,",, ............ . 
_______ _ ____ B'.rCJ<I1~-'; I <JAD FACTOR FOR EACH MODE 'H An - --- - - ---

1 0." " 
1 5.6766 
J 0.1161 

-----__ ~ ___ • ___ ~()RMAllZED Il'.<CKLlNG "'JDE '!fAP'.' ----,----------.--'"'-J'" ~ o. x _di '" Y"'", l·(\j,., X-<"- <," ,-
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, .(l,ll Q,ll -<).01 -<),(1()()2 Q,0010 .(I,OOll , 0.43 ·(Ul ~.OO 0._ Q,OOIJl 0,(0 )2 

"" ,." ," ~OO -U.OO(J(l Q.UOOl -'.W" , -<J." 0." ·{l.O! -<U<JQ! 0.00 " ·'1.002 1 , Q.i7 -<U2 -<UI(l "- ,_ '.Ill)" 
~l 0.9' ," ~OO _0.0000 O.OC<J2 .(1,0021 , 

~" 0,]) .(l,Ol -l),OOOl 0,0014 .),0021 , 
~" _0.12 ~OO 0_ 0_ OJ)0)3 

~ , 0.9' 0." '00 ~- ,- _,.(ill) , .(U. u.!" om -<l,Ulm 0.0014 <l.0022 , -<H)9 -<J." 000 0._ O.OC<JJ '.00,) 
'0' 1 0.9 1 0,10 0.01 ~- ,- -<UXllJ , .(1.34 O,l) 0,04 ~.~ 0,00]4 .(l,OOll 

; _0.09 _0.1! 0.01 ~- 0,0003 0.0013 
~ , Q,9~ O,ll 0,01 ~.- Q.OOIJl ·0-')(11' , .(1.3< 0." 0.0' .(I.m , 0.00" .(1,0022 , _'.00 -D.71 O.ol _0.0000 '.0001 0.OOJ3 

___________ . _ . __ ~ H ATlST)(;Al, "M.' ._.~"_._._. ___ .~ __ 

0.... '''"'rI< of"""'1'-"< -- Ul 

No. of ""I ",,-.in St' ffuo ..... " ... trix-ll l 3ll (lll3l~""') 
T .... " .. d to -.l)" - 0: '-'lQ, IO~ .. """'" 
T"",],."b«of:Nodo, -1111 

&un 101"""""" - " 
S..,U [km"", - 1000 
80woc" - 22 
Soc""" l""!,,,n;'. · 0 
'~.dc .. ". _ I 
IDOd "",,,,",,-1; 000 _ " 
Mode........ -3 

NQ of _])0<' ;;""i",,, -, 
_ _ __ _____ __ _ _ __ ___ fS I) {)F oU'P!-T _ __ _______ _____ _ • 

Output above is for the displacement of each node (only a few listed). 
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Bending Stresses 

for: Maximum 

Moments (kNmlm) 

for a PFC 200x75, 5m 

long subjected to a 

buckling UDL load. 

The figure above is the result of a linear analysis of the buckling load applied 

to a PFC 200x75 beam fixed at both ends 

The following is some of the output giving the stresses in the PFC at the 

different nodes 

""_ ... _ .. ~ ••• SHELL ELEMENT STRESSES IN LOCAL ELHIENT 1o.XES 01 ULS nn_ .. ~ .. __ ~ 

~ ....... __ ._._._._ ... _._.k OUTPUT: LINEAR ANAL YSIS .. ~~~_.uu ••• _n.nnu ••• ~ 

IN·n~NE STRESSES Imm 100111 

E~rn Leos Node 5.y S"",. Smln Anglo Von MISH(T) V"" M, ••• (B) 

kWmm' <Nlmm' 'Wmm' kNlmrn' .Nlrml'· 'Hlmrn' <Nlmm' 

mid ·175E·3 ·1.00 ·7~,aE-,3 ·1e9E·3 ·1.00 es,18 1.31 ~~E-,3 

·537E·3 .1.\j6 ·131E·3 ·525E·3 .1.9Il -<l48< <.n 1.33 

2 ·70.3E·3 ·314E·3 7.&lE·3 ·70.1E·3 -,31~E-,3 ·g1 &0 ~&IE·3 113E·3 

13 4~.7E·3 ·235E·3 ·OOOE·3 71.~E-,3 ·:/61E·3 ·73,79 ~1E-,3 974E~ 

" , -
" 
" ,. 
n 

·139E~ 

·7~.3E·3 

·13QE~ 

~7E·3 

·6.27E·3 

·202E-3 

·1.71 ·e71E·3 ·134E·3 

·eilOE·3 --6t;,3E·3 --69,~E·3 

·1.71 ·~7.IE-'3 ·B4E-3 

·23SE·3 ·890E·3 71.6E-'3 

·157E·3 ·9SAE·3 39 QE·3 

·146 ·1.64E-'3 ·202E-3 

·Ul .e6.B4 ,~ ,~ 

·eOOE-,3 a5,2~ 1.16 ~72E~ 

·1.71 OOM ,~ ,~ 

·261E·3 ·73J~ 531 E-'3 ~7AE-3 

·204E-'3 -IloI.2O -, 12OE~ 
·1.-46 ·89.\i3 1.71 ,~ 

3 mid ·103E·3 ·n1E·3 -,37.5E·3 ·100E·3 ·724E-,3 86.55 1.05 3SIE-3 

23 ·2tr.lE-,3 ·1.46 ·1.64E-,3 ·202E-3 ·1.46 ·&9.93 171 1.(.4 

24 ~.27E-3 ·157E·3 ·9SAE·3 :l>i.QE·3 ·X>4E·3 -«.20 569E·3 12OE-,3 

3S ·10.7E-,3 {!nE·3 ·110E-,3 73.5E·3 ·IS3E·3 -<;2~ e22E·3 221E-,3 

34 ·192E-,3 ·LX> S6.BE·3 ·18\jE·3 ·1.21 ·\i3.21 1.53 =~ 

4 mod ·n,5E·3 ·!;59E·3 ·2~,5E·3 ·91,:/E·3 ·501E·3 e7,OO 9C3E·3 2Z1E-'3 

34 ·192E-,3 ·1.20 S6,BE·3 ·HI9E·3 ·1.21 ·9321 153 7!i2E~ 

3S ·10JE-,3 ~.3E-'3 ·110E-,3 73.5E~ ·IS3E·3 ·52,~ e22E~ 221E·3 

4S --6.26E-'3 8.93E·3 ·102E·3 10.olE·3 ·10IE·3 ·<287 675E·3 330E-,3 

'" 
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~ -I~IE~ -glSE-3 5ME-3 -IS7E-3 -g~E-3 -g3,g~ , .39 ~ 15E-3 - ·7~.6E_3 _417E_3 _22.1E_3 _75.4E_3 _. 18E_3 a6.~ !102E_3 284E_3 

• ·161E·3 ·975E·3 56.9E·3 ·1SlE-3 _97lJE_3 _93.\16 1.39 SISE_3 

• -O.26E-3 a.93E_3 _102E_3 104E-3 -'OlE-3 -"z.e? 675E-J -, 
" _4.c:JE_3 74.7E_3 _B7.lE_3 131 ~_3 -511E-3 -32.M 743E-J '27E-3 

• ·136E·3 ·77~E_3 44.5E·3 ·133E·3 ·779E·3 .1r.l.!15 1.27 371 E-3 

" c. ·eS.1E-3 -294E-3 -20,gE-3 -!53.2E-3 -295E-3 6462 8S8E·3 =., 
• _I36E_3 _771lE_3 44.5E_3 _133E_3 _77!OE_3 ~3_95 !.27 371 E-3 

" -4.43E_3 74.7E_3 -<l7.7E-3 !31E_3 _~1 .1 E_3 _32.66 74JE-3 4 27E_3 

"" -3,75E-3 12~E-J -76.0E-J 153E-3 -3/5.4E-3 -24.51 =" 497E-J 

"' ·lU,E·3 _WJE_3 3I5.e€-3 -1 , 4E-3 -l5O:lE-3 -94.17 1.17 3e5E-3 

. .. __ .u ............ u.uu.~. STATISTICAL DATA ,== .... ~~._.~.~.~.~,~=~'uu.,~ 

No. of r •• 1 r>Uml>er. II'l SI,l'I'nns motr; • • ~, ZW; ( ~ , 235150 byto.) 

Tim. uwd to ono/yH ' 0: 0:4497 .oconds 

Total """ bee or : NOOos = "11 

B .. m Ele"-t> • 0 

She l Element. ~ 1 000 

Suppc<U • 22 

Soclion P'''P''mn ~ 0 

Lo.do...... ' 1 

Load oom"".IIo,.., • 0 

.~ •••• _ •••••••• ~._ ••• ~._._ •••• ~ ENO OF OUTPUT .~.~.~ •••••••••••••• ~.~.~ •••••••• 

The results (visual and numerical) of the other analyses (I-beam and 

column) were also available through Prokon. 




