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ABSTRACT

The research described in this thesis, relates mainly to the
current method of design of steel portal frame structures.
The study is divided into two major parts, first being the
full-scale test on a 24 metre span frame and the second
deals with the problems of lateral-torsional buckling in the

haunch region of the frame.

Detailed accounts of the full-scale testing on the 24 metre
span frame and the experimental results are given.
Supplementary tests on beams cut out from the tested frame
in order to establish the strain-hardening factor are also

presented.

A literature survey on the published material pertinent to
the lateral torsional-buckling of a tapered member was
undertaken. Different methods of treatment for the elastic
stability of tapered members and any evidence from previous

research in this area were reviewed.

Details of an appropriate finite element and the
corresponding computer programme are given. This section
describes the assumptions and the Finite Element
formulations adopted in the computer programme. The earlier
work on this analysis dealt only with prismatic members and
this was extended to solve tapered sections. Therefore, a
full calibration of the finite element formulation for a

tapered member was carried out.



The stability «clauses 1in BS 5950 are introduced
systematically. Theoretical work which leads to the
formulation of the clauses in Appendix G is also described.
These stability clauses were assessed by the analysis of
selected prismatic and tapered members using the finite
element formulation. From this assessment some modifications
to the clauses are proposed. The results of the modified
clauses are compared with those given by the finite element
analysis and the original clauses. Lastly, the modified
clauses are checked with the results of the portal frame

tested, to confirm its validity.

This study leads to the proposal for some amendments in the

clauses in Appendix G and Clause 5.5.3.5. of BS 5950.
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CHAPTER 1

1.0 Introduction

1.1. General

1.1.1. The Steel Portal Frame.

The steel portal frame structure is probably the most
frequently designed structure in the United Kingdom. It has
become the natural choice for most single story factory or
warehouse buildings and is also used in other structures
ranging from small agricultural buildings to sports halls
with spans of 50 metres or more. This is because steel
portal frame structures offer a practical and economical
solution in providing a large, clear, uninterrupted space

under cover and are therefore suitable for multipurpose use.

The modern portal frame construction, as shown in figure 1.1
is made up of universal beams, bolted together to make a
frame. It is normal practice to provide haunches at the
eaves and apex connections to accomodate the large moments
that occur at these locations. Bolted connections are always
preferred due to practical considerations especially
transportation and ease of erection at the site. There have
also been many other developments resulting in the modern
portal frame structure being built with different types of

structural elements, such as cold formed purlins, roofing
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and various types of connections. These together with new
materials are being incorporated in the whole structural
system and influence the behaviour of the structure. It
would be unjustified therefore, to assume that the behaviour
of the modern portal frame structure, with its various

features, is entirely dependent on its main frame only.

1.1.2. Brief History of sSteel Portal Frame Design and

Development

1.1.2.1 The Evolution of Steel as S8tructural Material

The use of metal as structural material began with cast-iron
used on a (30m) arch span which was built in England in 1777
- 1779 (1.1). Several cast-iron bridges were built during
the period 1780 - 1820, mostly arch-shaped with girders
consisting of individual cast-iron pieces forming bars or
trusses. Cast-iron was also used for chain 1links on

suspension bridges until about 1840.

Wrought-iron began replacing cast-iron soon after 1840, the
earliest important example being the Britannia Bridge over
the Menai Straits in Wales which was built in 1846 - 1850.
This was a tubular girder bridge having spans of 70 - 140 -
140 - 70 metres, which was made from wrought-iron plates and

angles.
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The process of rolling various shapes was developing as
cast-iron and wrought-iron received wider usage. Bars were
rolled on an industrial scale beginning about 1780. The
rolling of rails began about 1820 and was extended to

I-shapes by the 1870s.

As the production methods and technology improved, in
particular with the Bessemer Process (1855), more iron ore
products were being used as building materials. Since 1890,
steel has replaced wrought-iron as the principal metallic
building material. Today, steel having a yield stress
ranging from 165 to 690 N/mm? is available in various forms

for structural uses.

1.1.2.2. Development of Portal Frame Construction

The development of steel portal frame construction goes hand
in hand with the progress and development in the material
itself, (i.e, from the cast-iron era to wrought-iron and
then to the rolled steel era), and has brought rapid

development to the portal frame construction that we know

today.

The earliest portal frame built was dated back to
approximately 1880. The frame was built with moulded
cast-iron and incorporated sculpture in the columns and in

the haunches. It had dimensions of 15 feet span, 10 feet
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high at eaves and 15 feet high at the ridge. The stability
of the structure was achieved by pseudo-rigid joints.
However, this type of construction was not adequate for
large span buildings, and in those days, larger spans were
achieved by incorporating the same type of column with

triangulated trusses.

In the early part of the 20th century, the riveted frame
became popular especially in the USA where they were used as
small railway bridges. In this type of construction, the
frames are pieced together from different "panels". Each of
the panels is shaped and splices are riveted to them. The
panels are joined to the adjacent ones through the splices
and connected by rivets to obtain the structural continuity
of the frame. Because of this, a massive amount of splices
and rivets are required in the construction. Later, with the
use of carbon steel as the material of construction, the
designers were able to build similar frames with larger

spans.

Further development took place in 1930, with the
introduction of electric arc welding for connections in the
structures. This has led to the downfall of popularity of
riveted joints in portal frame construction. The use of
electric arc welding has enabled designers to improve the
structural continuity and get aesthetic benefits, as well as

the ability to build larger span buildings.
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None the 1less, this technique of construction had its
disadvantages. Usually, the entire frame was manufactured in
the workshop where good quality control of the welded joints
could be achieved. However, as the length became larger, the
designers had to opt to introduce site welding of joints.
Since it was difficult to control the quality and obtain a
satisfactory standard of welded joints at site, several
solutions were sought in order to establish a compromise.
This could well mark the beginning of today's portal frame
construction, when features 1like systems of rivets with
splices, and bolts with end plates were introduced into the

structures together with the welded connections.

It has to be mentioned that the design philosophy that was
adopted by the designers in those days was that of "the
working stress design". The main objective was to maintain
the working stress within the elastic 1limit of the material.
The 1950s however, marked the introduction of a new design
philosophy known as "plastic theory". Since the late 1950s,
most steel portal frames have been designed by the plastic
design concept. This is because it was evident that the
application of plastic design produced lighter and more
economical structures than similar rigid frames designed by

elastic theory.

In plastic design, it 1is assumed that the structure is
capable of reaching its ultimate strength by the formation

of "plastic hinges" without premature failure occurring.
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However, as the span of the beams increases and as the
structure becomes more slender, the problem of instability
may become the main design concern. It is therefore very
important for the relevant code of practice to provide

proper guidance for preventing premature instability.

1.2. Review of Some Research Work and Tests on Portal Frames

Research in portal frame construction can be traced back
more than fifty years. Perhaps the most notable early
research on portal frame design was conducted in Bristol by
Baker and Roderick (1936) who carried out several tests on
small portal frames. These tests, despite their scale and
simplicity, helped to confirm the findings of earlier
research by Maier-Leibnitz (1927) in Germany (1.2). The work
by Maier-Leibnitz stipulated that the collapse load of a
simple beam structure depends on its full plastic moment,
however Baker and Roderick extended the work to cover the

collapse of rigid frames.

Their report published in 1938 (1.3) described in detail
their investigations on portal frame stability and the tests
confirmed their finding that the strength of a rigid frame
depends on the plastic moment capacity of its members
provided that premature failure was prevented. This report
became the first document describing an experimental

investigation into the plastic collapse of rigid frames.
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The work at Bristol led Baker to realise the potential of
what came to be known as the limit state design philosophy.
One aspect of this method is commonly known as "plastic
design". In 1943, Baker and Roderick embarked on a very
important research programme, involving both experimental
and theoretical work, which lasted for more than ten years.
Further tests on pitched roof portal frames were carried out
but this time at Cambridge and with larger frames. The tests
at Cambridge (1.4) conducted in the early 1950s can be
considered as the first full scale tests on portal frames.
These tests investigated the development of plastic hinges
in a real frame and the eventual failure of the frame as a
collapse "mechanism". The frame, as shown in figure 1.2, was
loaded with a vertical point load at the apex and a
horizontal side load at one eaves' point. Results of the
tests conducted show good correlation with the theoretical
predictions that were based on manual calculations, thus

confirming the validity of the plastic theory.

In these investigations however, the frames were stiffer and
there was less risk of member instability than there is in
current construction. This was because, in those days, the
purlins were made of hot rolled sections, and the member
sections were the same size throughout. The members were
also relatively compact and fully welded. Furthermore, the
column bases were idealised as fixed bases or connected to
piled foundations. Nevertheless, they observed signs of

member instability towards the end of each test after the



formation of a collapse mechanism.

Around the same period, similar work was carried out in the
USA, notably by Beedle (1.5) at Lehigh University and
Greenberg & Prager (1.7) at Brown University, Providence. A
series of full scale tests to failure was conducted at
Lehigh using larger scale frames compared to the Cambridge
tests. An example of the test arrangement for a rectangular
frame is shown in figure 1.3. However, the tests were set up
so that in-plane load was applied to the frame and, with the
prevention of out-of-plane movement, the complete collapse
mechanism was achieved before ultimate failure. These tests
therefore, in view of current portal frame construction, do
not simulate the real behaviour of portal frames in modern

buildings.

The effort required to simulate the actual 1loading
conditions on portal frames showed clearly in 1953 and 1954.
This was when Baker, Eickhoff and Roscoe carried out full
scale tests (1.8, 1.9) on three pairs of north light type
portal frames. In these tests the loading patterns were more
in accordance with the actual practice and four point loads
were used to simulate the vertically distributed load. The
frames were built up on piled foundations in order to

introduce more realistic base conditions.

The effect of strain-hardening on the collapse load of a

rigid frame was investigated by Vickery (1.10) in Sydney,
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Australia in 1960. Tests on both miniature and full scale
pitched roof portal frames were conducted. Satisfactory
agreement between observed and theoretical results were
obtained for the two full-scale tests. This shows that the
approximate analysis proposed by Vickery could allow a rapid
and reasonably accurate estimate of the influence of
deformation and strain-hardening on the collapse behaviour

of rigid frames.

An investigation to study the effect of gross distertion on
portal frame behaviour was conducted by Charlton (1.11) in
1960. He conducted a full scale test on a pair of pitched
roof portal frames with short stanchions. He used four point
loading and predicted the collapse mechanism by simple
plastic theory. He also conducted tests on beam specimens
cut from an undeformed portion of the rafter after the test
in order to investigate the plastic characteristics of the
section. He concluded from the test results that the reason
for the increased value of the load at collapse was due to

the effect of strain-hardening.

A series of full-scale tests on pitched roof portal frames
incorporating tapered members was carried out by Vickery
(1.12) in 1962. These tapered members were prepared from
standard R.S.Js by cutting diagonally along the web, turning
the pieces end for end and rejoining by welding along the
cut edge. In this study he investigated the advantages of

using tapered members in portal frames and also studied the
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behaviour of tapered frames at collapse as compared with
rectangular frames. He concluded that the use of tapered
members could result in considerable economy in material.
However, many problems with regard to instability had to be

solved.

Bates, Bryan and El-Dakhakhni (1965) reported their full
scale tests (1.13) on a pitched roof portal frame shed. The
shed, had a 46 m span and was about 100 m long. Directed by
Bryan, they studied the stiffening effect of cladding and
roof sheeting on the frame. Tests were conducted during
various stages of construction of the shed and the results
show the remarkable influence of the sheeting on the

deflections and on the bending moments.

Horne and Chin (1966), (1.14) investigated the use of high
tensile steel (to BS 968) in the plastic design of portal
frames. In this investigation, they carried out tests on
four pitched roof portal frames. The results of the tests
were compared with two theoretical models that were
developed by Davies (1.15) and Chin (1.16) and also with
some design charts they themselves produced in B.C.S.A.
publication no: 29 (1.17). Since the digital computer was
already available then, the two theoretical models that
consider second order deformation and strain-hardening
required calculation using computers. The conclusion derived
in their investigation was that the use of high strength

steel helped to increase the strength. However, the
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deflections were also increased due to the reduced stiffness

of the members.

The effect of secondary structural elements on the overall
stability of portal frames was also investigated at the
University of Canterbury in New Zealand (1.18). This took
place when a new welded-steel portal frame laboratory wing
at the University was under construction. Measurements of
the stresses induced in the main structural members were
made during different stages of construction and after the
completion of the building. The investigation also compared
the experimental stress distribution with the theoretical
stress distribution obtained by elastic computer analysis.
Good correlation was obtained between the measured and
theoretical stress distributions for the bare frame.
However, at the stage of construction when the roof was put
in place, considerable interaction between the portal

frames and other elements of the building was evident.

Four full-scale tests on 12 metre span portal frames made of
built-up sections were reported by Halasz and Ivanyi (1978)
(1.19). These tests were conducted as part of the general
investigation undertaken for the preparation of a new
version of the Hungarian steel specification for plastic
design. As one purpose of these tests was to find
appropriate measures to exclude premature lateral torsional
buckling, various types of restraints were used on the

frames at various stages of loading. Tests were conducted by
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loading the frames using a spreader beam technique that
allowed the jacks to follow the frame in sway, and side
loading was applied using a tension rod connected to the
strong floor. These tests are interesting in the sense that
they constituted the first attempt to test non-tapered, up
to date portal frames. These tests confirmed the importance
of the positional restraints since they do have influence on

the failure load of the frame.

A massive testing programme involving the testing of 30
frames between 21m and 30m span was initiated in 1980 under
the direction of Dowling (1.20,1.21 and 1.22) at Imperial
College, London. The portal frames were made of tapered
members fabricated from welded steel plates as shown in
figure 1.4. The design philosophy of this form of
construction is radically different from that of the
hot-rolled I-section portal frame. The test programme was
sponsored by Ward Bros (Sherburn) Ltd. and was devoted to
the development of their "ATLAS SYSTEM". Since economical
aspects were one of the priorities of the project, much of
the research was directed in this perspective. Information
about the details of the tests are inadequate, probably due
to commercial interests. However, it seems that, provided
adequate bracing was incorporated in the design, the overall
response of the frames was good. The economy achieved is
also impressive, with the c¢laim that this method of
fabrication can save up to 30% of weight compared with

conventional hot-rolled construction.
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The most recent test on a full scale portal frame was
reported in 1986 when Elvidge (1.23) tested a pitched roof
portal frame with haunches at Bradford University. The frame
tested was 14m span, 3 metres high at the eaves and had a
10° roof slope. It was fabricated from Universal Beam
sections and constructed with bolted end plate connections
and pinned bases. The set up of the test is shown in figure
1.5, where it is shown how another identical frame was
constructed and placed next to the test frame. Purlins and
cross-bracing members made up of light gauge steel sections
were connected to both of the frames in order to restrain
the test frame. Prior to the final test to destruction,
physical tests were performed in the elastic range to obtain
load-deflection curves under different loading regimes. In
the final test it was observed that the frame collapsed
after several plastic hinges had formed. It was found that
the collapse load of the frame was 20% greater than that
predicted by rigid plastic analysis. This according to the
author was due to the omission of several factors from the
analysis including the actual value of yield stress and the
strain hardening parameter. This test appears to be the only

test that is in line with current industrial practice.

From this brief review of previous work on portal frames, it
becomes evident that there is 1little experimental data
available on the performance of the modern portal frame.
Consequently, there is an urgent need for new experimental

data to be collected using realistic structures.
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1.3. Research on Portal Frames at University of Salford

A major research project was carried out by The Universities
of Salford and Manchester in which the behaviour of steel
portal frames up to failure was investigated. In this
project, three full scale portal frame tests were conducted
at Salford University under the direction of Professor J.M.
Davies while a finite element analysis programme was
developed at Manchester University led by Dr. L.J. Morris.
Supplementary studies were also conducted and they include
second-order elastic-plastic frame analysis, the effect of
connection flexibility and a detailed study of the
elastic-stability clauses of the current British Code, BS

5950. Part 1.

The main aim of this research project is to provide valuable
information on the true behaviour of the modern portal
frame. Earlier, full scale tests conducted by Professor J.F.
Baker at Cambridge decades ago led to the inclusion of
plastic design in the British Standard. Since then, there
have been many developments in the design and construction
of steel structures. Many of these developments directly
affect portal frame construction, whose apparent simplicity
conceals some practical design problems that were not
covered by the earlier tests. This project is aimed at
fulfilling the urgent requirement for tests on full-scale
portal frames of modern construction in order to investigate

the real behaviour of these structures.
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It is only very recently that the necessary computer power
and numerical methods of analysis have become available so
that the full non-linear, three dimensional analytical
problem can be attempted. Previous research work on portal
frames had indicated that the finite element method was able
to simulate the behaviour of parts of a frame with
reasonable success. The mathematical model, however reliable
and proven, cannot be developed without the aid of
comparable test results, and these were not available at the
commencement of the project. Therefore, the joint research
project is approaching the problem experimentally and also
analytically. In broad terms, that is to say that the
results of the tests at Salford are being used to calibrate

the finite element programme at Manchester.

The work at Salford involved the testing of two structures
of 12 metres span and a third of 24 metres span. The frames
were heavily instrumented in order to collect as much data
as possible and, because of that, they had to be carried out
indoors. The structural 1laboratory at Salford offers
excellent facilitiés for testing such a large assembly and
very few other laboratories in the U.K. are capable of work

on this scale.

This project was initiated in late 1985 and is Jjointly
funded by the Science and Engineering Research Council
(SERC) and several commercial sponsors amounting to over

£100,000 in total.
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1.4. Contribution of the Author in the Project

The author joined the research team in Salford in 1988 when
the full-scale test on the 24 metre span frame was just
starting. He spent the first few months working with the
rest of the team to carry out the full-scale test on the
frame. After the completion of the test, the author
conducted a series of bending tests on beam specimens cut
from the unyielded part of the rafter and column members of
the 24 metre frame. The objective of these bending tests was
to obtain the strain-hardening charateristics of each of the
frame elements so that this information could be considered

in the elastic-plastic analysis.

During the full-scale frame test it was found that the
problem of lateral torsional buckling especially at the
haunch region was indeed very serious. The frame that was
designed according to the code BS 5950: Part 1 (1.24) failed
prematurely by lateral-torsional buckling in the haunch
region of the rafter. This code provides clauses for the
design of tapered steel members including portal frame
haunches. At the vicinity of the haunch in modern portal
frame constructions are purlins and sheeting that, as a
system, can produce a fairly complete positional restraint
at those points. The code BS 5950 provides a method of
design for this situation notably in clauses in Appendix G
of the code. However, this provision has proved to be

complicated to apply especially with the introduction of
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several new parameters. The problem is augmented by the many
checks to be performed and this has made the use of the
computer inevitable. The results of analysis of the actual
conditions at collapse showed that Appendix G had predicted
the failure by lateral-torsional buckling at a lower load.
It was also shown that the actual bending stress at collapse
at the most critical point of the haunch was 1.75 times the
allowable buckling stress. This led to the conclusion that

Appendix G had provided an over-safe design.

A parametric study was therefore undertaken, using the
"SPACE" Finite Element computer programme that is described
in chapter 4, to investigate the problem of lateral-
torsional buckling in tapered members, particularly in the
haunched region of a portal frame. This study allows the
various design recommendations given in the steel code BS
5950 pertaining to lateral-torsional buckling to be assessed
in relation to the overall performance of the portal frame.
The clauses in Appendix G of the code and its alternative
"Clause 5.5.3.5." were studied in detail. Recommendations

for some amendments to the clauses in BS 5950 are suggested.

The "SPACE" Finite Element computer programme that was used
in the analysis of the tapered member was developed by Nemir
(1.25). This is a new finite element formulation that is
superior to the one developed by Barsoum and Ghallagher
(1.24) in the sense that it contains new terms representing

the bimoment influence and is valid for any cross-section
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shape. However, when the author obtained the computer
programme, it was in six different versions that contained
many changes from the original described in Nemir's thesis.
Since no authenthic programme was available, the author had
to make corrections to the programme and because of that it

was thought that the programme had to be verified again.

In so far as the numerical work is concerned, Nemir had
worked on prismatic members only. The author has extended
the work to cover tapered members and members with restraint

to one flange.

1.5. The Scope of the Thesis

The research described in this thesis is divided into two
major parts, the first one being the full-scale test on the
24 span frame. The second part deals with details of the
problems of lateral-torsional buckling in the haunch region.
In this second part the provision for lateral-torsional

buckling in the code of practice is scrutinised.

In chapter two, a detailed account of the full-scale testing
of the 24 metre span frame and the experimental results are
given. Design calculations of the frame in accordance with
BS 5950 for the design of the frame are also given.
Supplementary tests on beams cut from the tested frame in
order to establish the strain-hardening factor (k) are also

presented in this chapter.
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In chapter 3, a literature review of the lateral~-torsional
buckling of tapered members is given. Particular attention
to tapered members is given because a proper treatment on
this subject is required to verify the (SPACE) Finite
Element computer programme. The SPACE Finite Element
computer program is then used as a tool for the analysis of
the elastic buckling problems in this project. Various
alternative methods of treatment for the elastic stability

of tapered members are studied in detail.

Chapter 4 of the thesis, presents the details of the SPACE
Finite Element programme. It describes the assumptions and

the Finite Element formulations adopted by Nemir in the

computer programme.

In chapter 5, details of the verification of the SPACE
Finite Element program are given. Only verification using
tapered members 1is given in this chapter, whereas

verification for prismatic members is given in the Appendix

2.

In chapter 6, the stability clauses in BS 5950: Part 1 are
introduced systematically. The stability clauses for
prismatic and non-uniform members are described in detail.
Theoretical work which leads to the formulation of the
clauses in Appendix G is also given. This chapter also

describes Clause 5.5.3.5 that is an alternative to Appendix

G provided within BS 5950.
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Chapter 7 assesses the stability clauses by means of the
SPACE Finite Element program. Several prismatic beams and
haunched beams fabricated from Universal beam sections are

analysed and the results compared with the provisions of the

stability clauses.

In chapter 8, the stability clauses in Appendix G and Clause
5.5.3.5 are scrutinised further. Both the cases of Elastic
and Plastic Stability are checked and some modifications to
these clauses proposed and then analysed. The results of
these analyses are compared to the results of analysis by
the original clauses and the Finite Element method. This
study leads to the proposal for some amendments to be made

in the clauses in Appendix G and Clause 5.5.3.5.

Finally, conclusions are drawn with suggestions for further

research work in chapter 9.



Figure 1.1 A Typical Modern Portal Frame Construction

21



22

secondary members
RSJ or Channels

in-plane loading

Figure 1.2 The Cambridge Test Frame

vertical guides

lateral supports to fixed to wall

both top and bottom
flanges

2 ‘/ N

lateral support
struts

M

Figure 1.3 The Lehigh Test Frame



23

secondary members-purlins

in-plane loading
at purlin positions

Figure 1.4 The Imperial College
Tapered Frame Test

Figure 1.5 The Bradford Frame Test




24

CHAPTER 2

2.0. Full Scale Test on a 24m Portal Frame

2.1. Introduction

The behaviour of a portal frame in a building can only be
studied in detail if tests on complete structures, including
secondary members, purlins, bracing, lateral restraints and
cladding are conducted. The technique used to apply the

loading is also very important and must simulate the real

conditions.

The work described in this chapter forms part of a research
programme in which the behaviour of steel portal frames up
to failure was investigated in considerable detail. In the
experimental part of the project, 3 full-scale portal frame
structures in a three-dimensional test assembly were tested
in the structures laboratory of the University of Salford.

The frames tested were;

Frame 1. (span 12m)

Frame 2. (span

12m) Agricultural building,
Frame 3. (span = 24m) Industrial building.

Since the author was only involved in the testing of frame

3, this chapter will describe the details of this particular

test. The design of the frame, details of the test assembly,

test procedures and results of the test are discussed.

Descriptions of the tests on all of the frames are also
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available in other references (2.1, 2.2, 2.3, and 2.4).
2.2. Description of Portal Frame 3
2.2.1 General Description

The basic arrangement of portal frame 3 is shown in figure
2.1. It has a span of 24 metres and a roof slope of 6.56°.
This frame was designed in accordance with BS 5950: Part 1
(2.5) by the fabricator and was fabricated in a standard
workshop by a standard contractor. The frame was identical
to those fabricated by the manufacturer for normal
construction. The frame was designed on the assumption that
the bases were pinned and the loading pattern was uniformly
distributed vertical load. Table 2.1 gives details of the

loading assumptions and the dimensions of the frame.

In figure 2.1, it is shown that the rafter was made up of a
Universal Beam UB 356x127x33, incorporating a long shallow
haunch. The two haunches were fabricated by cutting a
section of the Universal Beam diagonally along the web and
welding along the bottom rafter flange. At the larger end,
the eaves connection was made by welding the resulting
haunch onto an end plate. The column was a Universal Beam °
type UB 406x178x54 with a base plate of 425x230x15mm. This
was in line with the current practice allowing the use of
different section sizes for column and rafter members. The

roof sheeting consisted of steel sheet type R.M.F. RS 3255,
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This sheet profile was chosen in order to avoid sheeting
failure during the test. The purlins were cold formed light
gauge steel Zed sections of the type METSEC 20218, with
sleeves. A similar section of purlin with circular solid
cross bracing (16mm diameter) was provided to ensure
stability at the eaves. The standard bracing cleats shown in

figure 2.2 were used on this frame.

2.2.2 Member and Material Properties of the Frame

The steel used for the fabrication of the frame was an 243
grade to BS 4360 with a nominal yield stress of 275 N/mm°.
However, in order to investigate the real behaviour of the
frame the actual member and material properties of the frame
must be known. Previous research into member instability
(2.6) had shown the importance of detailed measurement of
geometric and material imperfections if accurate theoretical

behaviour was to be estimated.

A lot of supplementary experimental work and accurate
measurement was therefore necessary in this project. These
included the accurate measurement of cross-sections and lack
of straightness of individual members and the measurement
of stress-strain characteristics from coupon tensile tests
obtained from different locations in the cross-section. The
measured material and dimensional properties of the test

members are tabulated in table 2.2(A) and 2.2(B).
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Details of bending tests on lengths of the unyielded

material cut from the frame and the results are described in

section 2.7.

2.3 Design of Frame 3

2.3.1 Design Procedures in Accordance With BS 5950: Part 1

British Standard BS 5950: Part 1 entitled "The Structural
use of Steelwork in Building", deals with the design in
simple and continuous construction wusing hot rolled
sections. Portal frame design is specifically covered in
section 5.5 of the code. In the code, steel portal frames

can be designed using either the elastic and plastic methods

of analysis.

The design procedures for portal frames provided by this
code are very rigorous and comprehensive. A study of the
design procedure shows that the code always refers to
general clauses or conditions before the detailed aspects of
the design are considered. For instance in the case of
plastic design of portal frames (i.e clause 5.5.3.1),
reference is made to the clause in section 5.3 that deals

with plastic design in general.

Important aspects of the design of portal frames include the

stability of the frame and stability of the members. In the
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case of the frame stability, treatment of in-plane stability
are considered for both cases of sway stability and snap
through stability. These are given in clauses 5.5.3.2 and
5.5.3.3 respectively. Two alternative methods of design are

given in clause 5.5.3.2 to deal with sway stability.

In the case of member instability, it is important that the
general requirements for all members of the frame must first
be emphasized. These are;

(1) The load capacity of any members cross-section must
comply with the conditions given in clauses 4.8.2 and
4.8.3.2(b)

(2) Plasticity should not occur in the haunch length. It
is important that the haunch portion remains
completely elastic, otherwise instability becomes a
problem.

(3) The bending moment at the end of the haunch should be
less than 0.85 times the full plastic moment of the
rafter. The value of 0.85 adopted is the approximate
ratio between the elastic modulus Z, and the plastic
modulus Zp. The moment at the haunch/rafter
intersection should be less or equal to 0.85 M, in
order to avoid yielding of the extreme fibres of the
section.

Reliable stability of members is only possible if a number
of practices are adhered to. The code specifies that
restraints should be provided where plastic hinges form or

not further than D/2 from the plastic hinge position (where
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D is the depth of the member). In addition, the code also
provides the following guidance :
(1) Purlins provide intermediate lateral restraint to the
outer (tension) flange.
(2) Fly braces provide torsional restraint at specific
locations. These members are to be designed to resist
a couple derived from the lever arm equal to depth
between centroids of flanges and a force equal to not
less than 1% of the maximum factored compression
flange force of the restrained member.
(3) When the purlins and their connections are capable of
providing torsional restraint to the top flange of the
rafter, it can be assumed that a virtual torsional

restraint is present at the point of contraflexure.

The code of practice distinguishes two types of 1length

between lateral restraints, namely ‘'restrained' and the

‘unrestrained' 1lengths. The design checks for lateral

stability are carried out in terms of critical lengths of

member between restraints. The following critical lengths

are used in BS 5950: Part 1;

L; = Effective length for calculations according to

Section four of the code. (This covers the cases
of unrestrained length with no plastic hinge

formation for both prismatic and tapered members).

L, = Maximum distance from plastic hinge restraint to

adjacent restraint. (This covers the cases of
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unrestrained length with plastic hinge formation
for both prismatic and tapered members -

Clause 5.3.5)

L, = Maximum distance between compression flange
restraints. (This covers the cases of members with
restraints positioned on the tension flange for
both prismatic and tapered members with and
without plastic hinge formation - Clause 5.5.3.5

or Appendix G).

2.3.2 Detailed Design of the Frame

The details of the frame are as shown in figure 2.1. The
design was based on gravity load condition i.e., snow + dead
load. Both the geometries of the frame and the applied
loading were symmetrical about the apex. The frame had a
span of 24 m and the rafter slope was 6.56°. The column
height was 4 m from the column base to the intersection of

rafter/column. The frame was designed assuming pinned bases.

The haunch length was 2.4 m from the inner column flange to
the end of the haunch, i.e., 10% of the span. The haunch
region was detailed so that the ends of the inclined haunch
flanges at the haunch rafter intersection had not been
welded to the rafter. Also the column head panel had a web
stiffener of about 80% of the depth of the column web at the

compression zone. There were also small stiffeners in the
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tension flange welded to the inner column flange. Details of

these are shown in figure 2.1.

There were 14 lines of purlins which spanned 5 m between the
gable frames and the test frame. These purlins distributed
the vertical load applied to the test and gable frames while
providing lateral restraints to the outer flange of the
rafter. The outer flanges of the columns of the test frame
and the gable frames were connected together by means of
three rows of sheeting rails. Lateral stays (fly braces)

were also provided to the frame at locations shown in figqure

2.1.

2.3.3 Design Checks

The original design of the portal frame assumed a steel
yield strength of 275 N/mm?® and nominal sectional
properties. A design check was conducted using the
properties of the members from tables 2.2(A) and 2.2(B) on
the basis of simple elastic and plastic analyses. Details of
the design of the frame in accordance with BS 5950: Part 1

are given in Appendix 1.

A check on member properties shows that the capacity of
column web for shear moment, M, was 325 KNm. This value was
greater than the nominal plastic moment of the column

(M,=288 kNm), so that the plastic hinge would form first.
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The reason for this was that the use of a deep haunch to
provide a large lever arm had the effect of reducing the
shear stress to acceptable limits. The nominal capacity of
the rafter was M,=148 kNm, but considering the purlin
spacing of 1.795 metres and the stress reduction factor of
0.80 at the apex region, the moment resistance in that

vicinity was 115 kNm.

Stability of individual members namely the column and the
haunch region were also checked. By making use of Clause
5.5.3.5(a) in BS 5950: Part 1, the required distance between
full lateral restraints L, was calculated to be equal to
2.962 m. Since the maximum length between lateral restraints
in the column (Figure 2.8) was 2.0 m, then this length of

column should remain stable.

A check on the stability of the haunch region was also
conducted by means of Appendix G and Clause 5.5.3.5. of the
design code. Based on the nominal yield strength of 275
kN/mm? and the ultimate design load of 1.5 kN/m?, the
calculation by the method of Appendix G shows that the
haunch should fail by lateral-torsional buckling at a lower
load. A check by clause 5.5.3.5 shows that the maximum
allowable length of the haunch was 1.577 m, but the design
provided 2.408 m. This shows that there was a strong
possibility that premature failure by member instability in
the haunch region could develop before the development of

the collapse mechanism. However, the complete collapse
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mechanism would occur at an ultimate design load of 1.5
kN/m? (or 7.52 kN/m), by the formation of plastic hinges at
the haunch rafter/junction and in the rafter at the purlin
adjacent to the apex. The design check conducted shows the
existence of some deficiencies in the design of frame 3.

Some of the rules on member stability were not followed in

accordance with BS 5950.

2.4 The Test Assembly

2.4.1 Details of Test Assembly

It has been stated earlier that the tests on full scale
frames carried out in the past gave little experimental data
to deal with modern portal frame construction. This is
especially true for tests that subject the frame to in-plane
applied load. Consequently, the decision was taken at the
planning stage that the tests must simulate as realistically
as possible, the actual conditions to which a portal frame
could be subjected. In the actual situation, "snow" loading
is applied through the sheeting and thence via the purlins
to the frame. These secondary members not only apply the
load but also offer restraint against lateral-torsional

buckling of the frame members.

The requirement of simulating these conditions leads to the

development of a 3-dimensional test assembly. That is the
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only way that a realistic degree of structural interaction
between the secondary members and the main frame can be
reproduced. Meanwhile, the effect of any stressed-skin
action (2.7) within the plane of the roofing must not induce
any unknown restraint to the frame. Furthermore, it was also
necessary to design the complete test assembly to fit the

available area of strong floor in the structures laboratory.

Figure 2.3 shows the details of the test rig. It consisted
of three frames with the central test frame connected at
rafter level by cold-formed purlins to the two "gable"
frames. The gable frame members were chosen to be stiffer
and stronger than the test frames. They were designed to
incorporate suitable extension pieces within the rafter so
that the span could be increased from the original 12m to
24m. This degree of flexibility was required so that after
the first two tests on 12m span frames the assembly could
then be used to test this 24m span frame. Lateral movement
of the gable frames was restrained by bracing them back to

the stanchions of the laboratory walls.

The effect of stressed-skin action must be eliminated since
this study is not directed to that particular aspect of the
behaviour. Therefore it was decided that the gable frames
must be made to follow the movements of the test frame. This
required that the joints in the gable frame should be pinned
and the associated column bases had knife-edge supports. The

effect is that the gable frame could behave like a rigid
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link mechanism as shown in figure 2.4a. With this
arrangement, any movement of the test frame could be
reproduced by the gable frame. The vertical movement of the
apices of the gable frames was controlled using hydraulic
push-pull jacks. Figure 2.4b shows the jack positioned
underneath the base support of the central posts. The spread
of the eaves, including the sway movement of the gable frame
was controlled by a horizontal push-pull jack positioned
near the top of one outer post (see figure 2.4c). Thus, two
jacks that were operated manually, controlled the shape of
each articulated gable frame at any stage of the loading
regime. At each load increment, the nodal deflections of the
test frame were measured and the articulated gable frames
were then adjusted until their corresponding deflections

coincided with those of the test frame.

The column base system of the test frame was designed to
provide the same rigidity as a typical foundation and also
to allow the measurement of forces transmitted to the
foundation by the structure. The arrangement of the column
base is shown in figure 2.5 and is made up of a highly
reinforced concrete slab, to which the column base is
anchored using two holding down (HD) bolts. This arrangement
represents the "pinned" base condition in practice. Each
base was supported on three load cells arranged in a pattern
so that the vertical load and any moments induced into the
base about the two major axes could be measured. In

addition, a horizontal load cell was positioned to measure
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any horizontal force exerted by the base and to prevent any
significant horizontal movement. By placing a set of linear
needle roller bearings under each vertical load cell, any
horizontal movement of the base should not have had any

effect on the operation of these load cells.

2.4.2. The Roof Loading System

A realistic condition of loading applied to the roof
sheeting is uniformly distributed load simulating snow or
wind load. One method of testing that would allow this
condition is to apply load using sandbags. However, for
practical reasons, this method is difficult to apply for a
large structure. It was therefore decided to adopt the
spreader beam technique, that had been successfully used by
Bryan and Davies (2.7, 2.8) and Lawson (2.9) for the full
scale testing of buildings of stressed-skin design at

Salford University.

In this system of loading, the uniformly distributed load
was approximated by a large number of point loads applied to
the sheeting via a series of timber spreaders. The load was
supplied to the timber spreaders by hydraulic jacks anchored
to the strong floor, using a system of beams and hangers.
Details of the loading system and the general layout of the
timber spreaders is shown in figures 2.6 and 2.7

respectively. Each spreader applied six points locally to
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the sheeting. A total of 96 points were controlled by each
jack giving a total of 576 load points for the whole test
arrangement. The maximum test capacity of the system was 2
kN/m?. This loading capacity plus the self weight of the
frame, purlins and sheeting and the weight of the loading

system itself was sufficient to ensure failure of the test

frane.

The actual load being transferred from the sheeting into the
test frame could not be assumed to be directly related to
the applied load. This is because the relative stiffnesses
of the various components making up the test assembly would
determine the magnitude of the actual load being imposed on
the test frame. Furthermore, the precise distribution of
load on the frame could not be readily assessed by simple
analysis, and it was later found that the distribution was
varying during the test. That was why the arrangement of the
four load cells per concrete base was necessary, as it would

allow the actual 1load acting on the test frame to be

measured.

2.4.3. Instrumentation of the Test Frame

It has been the philosophy of this research project to be
able to collect information concerning the behaviour of the
frame during the test as thoroughly as possible. This

information regarding the test frame was essential for both
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direct interpretation of the frame's behaviour and the
calibration of the mathematical model developed at
Manchester. Measurement of the member and material
properties of the frame was discussed in section 2.3. This
section describes the method in which data was collected

during the test.

To control the several parameters involved, many measurement
points were defined on the test rig. The measuring devices
used were electrical resistance strain-gauges, electrical
displacement transducers, electronic load~-cells and
inclinometer or rotation gauges. 250 strain-gauges, 20
transducers and 8 load cells were used to instrument the
frame. Because of the large number of measurements that
needed to be recorded, a sophisticated data logging system
with interlinked computers was used to collect and analyse

the test data.

Three microcomputers were used as the basis of the data
logging system. These three microcomputers had the
capability of recording all the strain-gauge readings as
well as the measurements from 20 1linear displacement

transducers and 8 load cells.

This data processing system was backed up by a PDP computer
linked to the PRIME mainframe computer. The purpose of this
set up was to produce test data in graphical form as quickly

as possible using a programme "TRACADERO" (2.4) written by
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P. Engel, another member of the research team. This enabled
complete sets of graphs depicting the variation of the
recorded measurements against load to be available within 24
hours of the completion of the test. Furthermore, this
system also ensured that a permanent and accurate record of
the measured results at any stage of the loading regime
could be made. This system can also make direct conversion
of some of the recorded parameters into a more useful form.
For example, linear strain can be converted into bending
moments, enabling the behaviour of the frame to be quickly

checked.

The strain-gauges were positioned in a symmetrical pattern
on either side of the ridge. This enabled the exact bending
moment distributions of the frame to be recorded, even if
the behaviour became unsymmetrical during testing. When
detailed examination at certain sections was required, such
as at the haunch regions, they were required to be fully
strain-gauged. Even the bolts in the end plate connection at
the eaves and the HD bolts at the bases of the test frame
were strain-gauged in order to obtain information regarding
the development and magnitude of loads in the different
bolts. Rotation gauges were also used to obtain information
regarding the relative rotations in the eaves' connection

zZones.

In addition, some regions of the frame were coated with

brittle lacquer prior to the test so that some visual
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observations could be made. This was most effective
particularly with regard to the onset and spread of

plasticity.

2.5 Test and Behaviour of Frame 3

2.5.1 The Full-Scale Test

After the setting up of the test frame the whole test rig
was then squared and levelled in order to avoid initial
deflections prior to the test. The loading system was then
constructed, after that the test rig was levelled a second
time in order to compensate for the deflections due to the

loading system.

The analysis of the test results was first carried out by
performing a 1linear regression on the three first
experimental points that allowed extrapolation in order to
obtain the origin of the curves. The loading on the roof was
gradually applied and the increments were determined taking
into account the true load recorded by the load-cells.
Considering the true value of the yield stress of the
members of the frame, the elastic limit of loading was
assessed to be 1.3 x the working load. Since the loading
system represented 0.6 x the working load the possible

amplitude of loading in the elastic range was 0.58 kN/m°.
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In the first loading session the frame was loaded up to
1.312 x the working load in six increments. At each
increment the nodal displacements of the gable frames were
adjusted in order to release any stressed skin action. This
procedure, with a waiting period of 15 minutes after every
adjustment was followed throughout the test. At the end of
this first loading session a transducer measurement at the
apex showed a residual vertical deflection of 10 mm. A
second loading session was conducted in five increments in
which the frame was loaded to 1.370 x working 1locad. A
further 8 mm residual vertical deflection was recorded at
the apex. These values may be compared with the maximum apex

deflection of 185 mm noted during the two tests.

After these two loading sessions, the frame was loaded in
increments until the stage at which the 1last increment
caused the initiation of elastic member instability in one
of the haunch regions. Immediately after the application of
the final increment, there appeared to be no effect.
However, after a few minutes the whole of the haunch region
failed suddenly by lateral-torsional instability. The tést
was then terminated immediately in order not to cause any
further damage to the test assembly. The collapse of the
frame took place at the load factor of 1.668. The resulting
load-apex deflection charateristic of the test is shown in
figure 2.8 and the distorted shape of the haunch is
illustrated in figure 2.9. Details of all the results of the

test can be found in reference (2.4 ).
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2.5.2 The Load-Deflection Curves

The deflections of the frame during the test were recorded
by means of transducers located at various points on the
frame. Since the deflection at the apex was charateristic of
the behaviour of the frame and the magnitude of this
displacement was relatively 1large, 