
The Response of 

Non-Sway Steel Framed Structures 

with Semi-Rigid Connections 

Volume I 

by 

Sui Ming LAU 

A thesis submitted in part fulfilment of the requirement 
for the degree of Doctor of Philosophy 

Department of Civil and Structural Engineering 
University of Sheffield 

December, 1993 



The Response of Non-Sway Steel Framed Structures 

with Semi-Rigid Connections 

Volume I 

This thesis deposited in the University Library has been divided into two volumes due 

to the restriction of the new procedures for the mircrofilming of thesis for the British Li- 

brary. Volume I contains chapters 1 to 7 and Volume II contains chapters 8 to 11. Apologies 

for any inconveniences caused to the readers arising from this. 

Sui Ming LAU 



To Vera, with all my love. 



Abstract 

This thesis describes research work undertaken to examine the influence of joint resis- 
tance to in-plane moments on the assessment of five fun scale two dimensional steel frames. 
All the available information has been collected into a form which is readily usable by the 

wider research community. The findings have been used to develop improved semi-rigid 
design methods. 

Details of the experimental results of five frames are discussed and reported. A variety 
of joint types were tested, each type of joint exhibited some degree of moment and rota- 
tional stiffness, leading to frame responses involving significant interaction between beams 

and columns. This affects both beam and column deflections, the pattern of frame mo- 
ments, ultimate capacity of members and collapse modes. 

The principal objective of the tests was to provide experimental data against which two 
in house sophisticated computer analysis programs may be verified. Details of modifications 
to an existing databank of the moment-rotation test results to provide a more efficient and 

user friendly tool for research workers are explained. 

The main objective of the work described herein was to investigate the influence of 
semi-rigid connection behaviour on a wide range of subassemblage configurations. A new 

method for the non-sway column design is developed and validated using the test and 

analytical results. The new approach is found to be more economical than the existing BS 

5950 method but it still essentially conservative. The methods to design the lateral restraint 
beam including the serviceability and ultimate limit states are also proposed and examined. 
The most important feature is that the precise form of the M-ý responses are not important 

for the semi-rigid design. Finally, a complete set of design methods is advised to take into 

account the inherent strength and stiffness of semi-rigid joints. 
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Notation 

In this thesis, the following notation has been used. Notation to the Appendices is 
described therein. 

Ap applied column load 

A, total axial load in column segment 

aj dimensionless exponent 
q, CS secant stiffness of connections at 0.005 rad 
CIO, CIO secant stiffness of connections at 0.01 rad 
C, secant stiffness defined by Barakat and Chen 

Ci initial stiffness of connection 
ci constant parameter 
Ck curve-fitting constant 
C. maximum stiffness in the loading stage 
Ct loading stiffness 
C. unloading stiffness 
D depth of beam 

Dk constant parameters for linear fuction 

d, restained displacement 

d,, condensed out displacement 

Ad' incremental displacement vector 
E modulus of elasticity of steel 
ECC position of beam end 
F force 

FE Euler load (critical load) 

F, condensed applied load 

F,. retained applied load 

Ar applied load vector at the proceeding iteration 

H [x] Heaviside step function 

I second moment of area 
A second moment of area about the major axis for beam 

I, second moment of area about the relavent axis for column 
Id second moment of area about the relavent axis for lower column 
ICI second moment of area about the relavent axis for upper column 
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K 

[K+'] 

[K,. ], [K, c] 
[K, ], [K, l 

Kb 
Kbl 

n 

Ki 
L 
Lb 

L, 

Lo 
LE 

LOPD(i) 

m 

MI, M2, M3sM4 

M;? 

MRd 

ME 

Mi 

M, 

MP 

MR 

MSR 

MT 

M, 

MF 

m 

Iff 

n 

pi 
R 
Rp 
RsR 

scale factor 

stiffness matrix 

member stiffness matrices 

member stiffness matrices 
beam stiffness 

modified K factor 

column stiffness 

non-dimensional factor 

length 

length of beam 

length of column 
length of lower column 
length of upper column 

original length of column 

effective length of column 

applied load positions 
bending moment 

moment computer from strain gauges 

calculated moment 
design ultimate moment of beam 

end moment for the connection 

ultimate capacity of connection 
initial moment 
fully plastic moment of beam 

rigid end connection moment 

semi-rigid end connection moment 
total number of size parameters 

ultimate moment of connection 
fixed end moment 

M 

M 
P 

shape parameter 

numerial value of K 

rigidity factor 

pinned rotation angle 

semi-rigid rotation angle 
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SGPO(i) stain gauge positions 
S, plastic modulus 
W total load on beam 

W intensity of uniform distributed beam load 

a dimensionless factor M 

ac constant parameter 
apin failure load of a column non-dimensionalised with 

respect to the failure with pinned end column. 
as scaling factor 

10 slip factor 
910 slip factor at 0.01 rad 
Pw slip factor at working load 

7 degree of rigidity of connection 
710 degree of rigidity of connection at 0.01 rad 
IN degree of rigidity of connection at working load 

.0= 
. 0. 

ZRLT 
7- Oi = ýw 

PL 

Ob rotation of beam 
Obsit the end rotation for the semi-rigid connection 
01 rotation of column 
Oj rotation of joint 
OP M or ýMm, Ih b SD 

reference plastic rotation M till 
01 calculated end rotation of beam assuming simply support ends 
bp mid-span beam deflection for the pinned connected frame 
ýR mid-span beam deflection for the rigid connected frame 
esR mid-span beam deflection for the semi-rigid connected frame 
OK startint rotation of linear function 
A the ratio of the connection moment to the plastic beam moment 
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Chapter I 

Introduction 

When designing steel frames it is customary to make simplifying assumptions about the 
behaviour of the beam to column connections and consider them to act either as 'pins' or to 

achieve full 'rigidity'. In the case of the pin connection, no significant transfer of moment 
is assumed and the fabrication of such connections is made as simple as possible. For joints 

assumed to be 'rigid', the connection is considered to have infinite stiffness and transfer 

the maximum moment possible. The joints need careful detailing, frequently involving the 

use of stiffeners, with the usual approach being to develop the full moment capacity of the 

members. 

From experimental studies [1.1,1.2] it is evident that most simple beam to column 

connections are capable of developing some intermediate degree of moment transfer. Such 

simple connections may therefore be considered as semi-rigid - they posses a rotational 
stiffness which is intermediate between that of a true pinned connection with zero stiffness 
and that of a fully fixed connection with infinite stiffness. 

The aim of this research project is to understand the influence of senii-rigid joint action 
on overall frame behaviour by performing both the experimental data assessment from five 
full scale three storey two bay frame tests and to conduct parametric studies to understand 
and ultimately quantify, the potential benefits of semi-rigid connection response. One of 
the objective is to collate these observations, together with those of other researchers, and 
to provide further evidence of beam deflections predicted by a convenient and coherent 
method which is suitable for use in practice. Finally, the aim was to examine the effect of 
connection stiffness on the load carrying capacity of the steel frame structures. 

One objective of the collection of data from the five frame tests is to provide access 
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to moment-rotation characteristics and corresponding parameters of semi-rigid beam-to- 

column connections in a convenient computerised form and is the motivation behind the 
development of a steel beam-to-column connection database at the University of Sheffield. 
As part of an ECSC contract, work was carried out on the maintenance of the Sheffield 
database of beam to column joint moment-rotation characteristics. Updated information 

was entered and a set of computer programs was developed which enable a user to load 

and unload the test information to and from the Standard Query Language (SQL) system. 
The database thus can be more easily transferred to other research groups and more readily 
mounted on a PC. The improvements carried out for this database are presented in chapter 
3. 

The main objective of this thesis is to discuss and analyse the behaviour of five full 

scale frame tests and chapters 4 to 7 contain this information. One of the principal objec- 
tives of the research project was to use the analysis of the semi-rigid behaviour of frames 
from the assessment of five full scale test frame data and numerical studies to investigate 

and where appropriate enhance, existing methods of design. A principal objective of the 

analytical work for the assessment of the frame test data is to provide results which could 
be used to investigate the influence of semi-rigid connections on column and frame stability, 
to examine the existing and new proposed design methods and to verify computer programs 

capable of incorporating the effects of geometric non-linearity and plasticity. 

A direct comparison of the results obtained with the analytical prediction of the existing 
frame programs [1.3,1.4] is included in chapter 8. After the verification of the subassemblage 

program [1.5], an investigation of the influence of a wide range parameters on a number of 
subassemblage models was undertaken as described in chapter 9. Semi-rigid design methods 
are proposed and the predictions are compared with the test results. This topic is addressed 
in chapter 10 which presents a brief overview of the current existing design techniques and 
they appear to achieve a reasonable compromise between accuracy of approach and ease of 

use. Finally, conclusions are drawn and further studies suggested in chapter 11. 
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Chapter 2 

Historical Background 

2.1 Introduction 

This section presents a brief overview of the historical background to the subject and 
introduces some of the key developments that have played a significant role in advancing the 
understanding of column and frame behaviour. The present general practice when analysing 
steel structures is to assume that the connections behave either as perfectly pinned or com- 
pletely rigid. For the analysis and design of steel framed structures the degree of advantage 
as a result of the interaction of the beam and column members, due to fixity of the connec- 
tion, is arguable. The potential for incorporating the benefits of partial fixity of connections 
in multistorey building frame was identified in the early 1930's, has received attention at 
various times over the last 50 years and has more recently become more widely appreciated. 
However, such interaction of components in the frame is not commonly accounted for in 

steel frame design; simplified, easier to handle solutions being preferred. In this chapter, 
the history of research on the main area of pin-ended columns, end restrained columns and 
frame tests is presented. 

2.2 Pinned Columns 

When the flexural buckling of the idealized, pin-ended, uniform column is considered, 
some assumptions are made as listed. 

e The material is linear-elastic. 

* The member is initially perfectly straight. 

* The applied loading is perfectly axial, i. e. at the centroid of the cross section. 
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* The member is able to bend only about one principal axis. 

Generally, elastic buckling occurs when the average applied compressive stress (O'av "': 
F) in the column load reaches its critical value. However, if the column is slender enough x 
it buckles at a stress below the actual value of the material yield stress. The well known 

Euler load (critical load) for the pin-ended column is given by 

Fr, = 
X2 EI (2.1) -, D - L2 

where EI is the elastic flexural stiffness and L is the length of the column. 

The pin-ended column also represents the classical reference datum on which many ex- 
perimental appraisals of columns have been based. Early column strength equations were of 
an empirical nature, based on the results of experimental studies on nominally pinned-ended 
columns. However, the limitation of such equations was soon realised and an approach with 
a more theoretical base was sought. It was discovered that, as soon as any axial load is 

applied to a member having an initial out-of-straightness it sustains a bending moment, 
which in turn leads to further deformation and a growth in the amplitude of deflection. 
In practice, both rolled and fabricated sections have residuaj stress in them due to the 
heating and cooling processes, that have occurred during forming. It is also noted from 

the experimental study conducted by Howard that the residual stress reduced the strength 
of columns with an intermediate slenderness [2.1]. The influence of residual stress on the 
buckling strength of both rolled members and welded plates was subsequently noted by 
Salmon and Madsen [2.2,2.3]. 

Systematic research into the effects of residual stress on column behaviour was initiated 
in the late 1940's under the guidance of Research Committee A of the Column Research 
Council (C. R. C. ) [2.4,2.5,2.6]. The culmination of these efforts was the publication of 
Technical Memorandum No. 1 which proposed the basic 'C. R. C. Column Strength Curve'. 
The formula was derived using the concept of an effective tangent modulus to account for 

residual stress and other material non-linearities, but which ignored the effect of initial de- 
formation. A similar initiative had been taken by the Steel Structures Research Committee 

with a view to reviewing the contemporary methods of design and applying 'modern' theory 
to the design of steel structures. The results of this particular Committee's work formed 
the basis of B. S. 449 [2.7] in 1932. 

Further research on the effects of residual stress and initial deformations was brought 

about by the commercial demand for an ever increasing range of structural section types. 
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Investigations of column imperfections in the U. S. A. by Djorhovde and Tall [2.8,2.9] and in 
Europe by Beer and Shultz [2.10], led to the computation of 112 different strength curves 
covering a variety of column shapes and material strengths. Comparisons of the appro- 
priate curve with full scale frame test data had shown discrepancies, in terms of strength 
prediction, of less than 5 %. For the purposes of design, these 112 curves were categorised, 
primarily depending on the type of section, into a maximum of five distinct design curves. 
This concept of 'multiple column curves' is much in evidence in a number of current inter- 

national steelwork design codes [2.11,2.12]. 

2.3 End-Restrained Columns 

The Special Committee on Steel Column Research of the American Society of Civil 
Engineers conducted experimental pin-ended column tests between 1880 and 1925 [2.13]. 

They noted that the columns had behaved almost as if their remote ends had been fixed. 
This was attributed to the frictional restraint present in the inadequate spherical supports 
at the remote ends of the columns. Although unintentional, this experimental error did 

alert researchers of the time to the beneficial effect of end-restraint. 

Design practice has relied upon understanding of the pin-ended column to produce safe 
column design. ýn braced structures, with simple connections between beam and column, 
the column has been assumed to act as a pin-ended column of length equal to the storey 
height. Column curves relating the slenderness ratio of the column to a safe working stress 
had then been used to calculate a safe working load. This method has been in general use 
for many years. However, in many structures 'rigid' connections are used, in some cases to 

eliminate the need for bracing. Therefore, in order to use a similar design approach, and 
the same column curves, in situations where the pinned column assumption is not valid, 
the concept of an 'effective' column length was developed. The real column - restrained 
by connected members - is replaced by an 'effective' length of pin-ended column, chosen 
to have the same strength as the real restrained column. The effective length is usually 
estimated by the designer from considerations of the relative size of members and the type 

of beam to column connections. This is an obvious limitation of the method, and one which 
has been recognised for many years. The recent trend towards limit state methods of design 
has reinforced the need for column design to include the effect of the end restraint from 
the adjacent structural members which becomes of increased importance as the column 
approaches failure. 
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For rigidly connected frames the restraint conditions at the end of the columns are 
directly related to the stiffness of the interconnecting beams. This led to the derivation of 
design monographs, also known as alignment charts, which enable the designer to calculate 
an effective length for a column forming part of a rigidly jointed structure. This method 
was then adopted in many structural design codes [2.11,2.12]. 

Research on the end restraint provided by semi-rigid connections commenced seventy- 
five years ago when Wilson and Moore [2.14] first investigated the flexibility of riveted 
structural connections. Research workers in Britain, the United States and Canada con- 
ducted three separate investigations during 1930s [2.15] .A history of research into the 
experimental assessment of moment-rotation characteristics of isolated connections is re- 
ported in reference [2.16]. Goverdhan [2.17] has collected a large number of test data and 
provides moment-rotation curves, numeric data and useful information in a single document. 
Nethercot [2.18] has also summarised the available test data and supplies comprehensive 
tables containing details of over seven hundred experimental investigations. The Structural 
Stability Research Council recognised the importance of collecting all the available data on 
connection tests in order to investigate ways of incorporating their semi-rigid characteristics 
into design and analysis. They have produced a comprehensive bibliography [2.19], which 
is also available on computer disk, to enable the reader to identify references on a wide 
range of tests. Chen and Kishi [2.20] have also produced a comprehensive collection of 
data on joint tests. 

In the early 1960's Galambos [2.21] examined experimentally the behaviour of columns 
with end moments applied through loading devices and later tested column and beam sub- 
assemblages with welded joints [2.22]. The purpose of this study was to provide experi- 
mental verification of the restrained column theories proposed for use in the plastic design 

of multi-storey steel frames [2.23]. Cuk et al [2.24] in Australia also conducted a series 
of nine test on three storey beam columns, subjected to bending moments and axial loads 
for the same purpose. Experiments on laterally loaded beam-column subassemblages, again 
with rigid connections between the beam and column, were reported by English and Adams 
[2.25]. Gent and Milner [2.26] also performed tests on restrained columns with rigid con- 
nections. They used machined scale models of column subassemblages tested under biaxial 
loading conditions to demonstrate the phenomenon of column moment reversal. Here, the 
beams with initial applied disturbing moments, restrained the rotation at the column ends 
as failure was induced. The results of the study showed that columns with large initial dis- 
turbing moments failed at a higher load than the same column with pinned-end supports. 
The inference was that the effect of disturbing moments in rigid frames was less than that 
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implied by the design methods of the time. 

Probably the most significant contribution to the experimental evidence of the re- 
straining characteristics of simple connections was provided by Bergquist in 1977 [2.27]. 
Bergquist tested five subassemblages, each comprising of a column and four beams, con- 
nected with web cleats to the column web. The tests, designed to examine the influence 

of the connections on the column buckling load, have consequently been used by many 
researchers. However the self contained beam loading arrangement adopted by Bergquist, 

using tension cables to apply loads to the beams, resulted in an unrealistic load pattern. 
This deficiency was subsequently addressed by Davison [2.28] who conducted a series of 
tests on full scale, 2-dimensional, non-sway column subassemblage and frames using a range 
of connection types and 'realistic' loading arrangements. Even more recently, a comparison 
study was performed by Gibbons [2.29] on the behaviour on three-dimensional subassem- 
blages incorporating semi-rigid connections. 

The principal measure of connection response is the moment-rotation relationship, also 
known as the M-0 curves. Figure 2.1 illustrates the typical range of moment-rotation curves 
for popular types of connections. It is evident from the curves that the relationship is non- 
linear, with the tangent to the curve representing the connection stiffness at the loading 

level. The smallest slope of the web-cleat curve was observed when it was compared to 

that of the highest stiffness of the extended end-plate. Figure 2.2 (extracted from reference 
[2.28]) shows the influence of different 'simple' semi-rigid connections on columns of differ- 

ent slendernesses. It is evident from this plot that the most marked increase in strength 

occurs where the columns have a moderate to high slenderness. 

Recently, finite element techniques have been used to predict the behaviour of various 
type of columns restrained by semi-rigid connections [2.30,2.31,2.32,2.33]. However, due to 

unreliable results resulting from the complexity of the problem, the moment-rotation rela- 
tionship for a particular connection are invariably obtained from test data rather than from 

predictive equations. A finite element computer program was developed by Wang [2.34] and 
is capable of analysing 3-dimensional column subassemblages with semi-rigid connections. 
The program successfully predicted the behaviour of rigidly connected, biaxially loaded col- 
umn subassemblages investigated by Gent and Milner [2.261. Gibbons [2.29] also used this 

program to predict the behaviour of 3-dimensional column subassemblages incorporating a 
range of connection types. 
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2.4 Frame Tests 

The earliest frame tests were carried out in the 1920's in the United States. Specifi- 

cally, measurements were made of the strains in the columns of the Equitable Building, Des 
Moines, Iowa [2.35], and the American Insurance Union Building, Columbus, Ohio [2.36]. 
The results of the tests showed observed stresses that were consistently greater than those 

calculated, the discrepancy being attributed to some error in the theory, although the strain 
gauge device used, a Berry gauge, appears not to have been particularly accurate and there 

were problems with temperature corrections which were necessary [2.37]. 

In Britain, members of the Steel Structures Research Committee were conscious of the 
fact that the Code of Practice which they had drafted [2.7], did not reflect the true be- 
haviour of real framed structures. Shortly after the draft had been published in 1931, they 
initiated the investigation of a series of existing 'real' steel structures and purpose made 
large scale frames. The building of the Geological Museum located in South Kensington 
London [2.38] was the first to be examined. Measurements of strain were taken on the bare 

steel frame under load and also for the frame when encased in concrete. The results are 
presented in reference [2.39]. A number of frames was erected at the Building Research 
Establishment [2.40,2.41] and comprised a thr4 storey, two bay, one span frame. They in- 
corporated frames with columns bent about both major or minor axes and used a variety of 
riveted connection details. Although in both cases the connections were considered light', 
both the frames behaved almost as if they were rigidly connected. 

The advent of improved strain measurement techniques meant that 'real' steel frames 

could be appralsed during the construction stage with the minimum of disruption. Studies 

were therefore extended to investigate the Cumberland Hotel at Marble Arch [2.42], Eu- 

ston Offices [2.43] and a block of London flats [2.44]. Tests were carried out on the bare 

steel frames under point loads, after the floors had been constructed, after the columns had 
been encased and finally when the structure was complete. All the structures behaved very 
nearly as rigidly jointed frames, which highlighted a fundamental problern in the BS 449 
design method. It was thus recognised that the analysis and design of steel frame structures 
should take account of the interaction of the beam and column members due to the fixity 

of the connections. 

In 1964 a Joint Committee of the Institute of Welding and the Institution of Struc- 
tural Engineers reported a simplified design method for fully rigid multi-storey welded steel 
frames [2.45]. In order to verify the method, tests were conducted on a full scale, three 
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storey, two bay, one span rigid frame fabricated from rolled steel sections of Grade 43 steel 
and located at the Building Research Station. The tests were reported in The Structural 
Engineer [2.46]. A further development of the design method permitted the use of higher 

grade steels and accordingly a second more extensive test was performed [2.47]. 

Taylor reports on an experimental study of continuous columns [2.48]. A series of 19 
tests on rigidly jointed, 3-dimensional, three storey scale model frames were carried out. 
The aim of these tests was to verify a simplified collapse criterion for continuous columns. 

In the United States a series of four, 2-dimensional, two storey, two bay rigidly con- 
nected braced frames was investigated by Yura and Lu [2.49]. The results showed that 
in each case the failure loads were greater than those predicted from plastic theory with 
a discrepancy of less than 4% and demonstrated that plastic methods could be applied 
to the design of braced multi-storey frames. One of the important findings was that the 

sequence of plastic hinge formation had little or no effect on the ultimate load. Details of 
the apparatus used to load the frames can be found in reference [2.50] along with a list 

of references of rigid steel frame testing conducted in the United States from 1940's to the 

early 1960's. 

Experimental tests on the behaviour of semi-rigid steel frames are much less common. 
A report of work by Stelmack et al [2.51] was published in 1986. The purpose of the 

study reported therein was to provide experimental documentation of the validity of ana- 
lytical methods for predicting the response of flexibly connected steel frames. Ten tests on 
two frames of two storey, single bay and one storey, two bay were conducted. The frame 

connections comprised a flange and seat cleat and in each case sway was permitted. The 

results showed good correlation with the predicted response. However the scope of the work 

was limited because neither the tests nor the analysis extended beyond the elastic range. 
Five two dimensional full scale frame tests had been conducted at the Building Research 
Establishment, Garston, Watford. The tests are the result of a collaborative effort by BRE, 
Hatfield Polytechnic and the University of Sheffield. The first two frames were designed and 
tested by Hatfield Polytechnic [2.52], the second pair by the University of Sheffield [2.28] 

and the fifth frame by BRE [2.53]. An in-depth appraisal of the most significant of the 
test results from the five frames has been carried out and is reported in this thesis. More 

recently, two 3-dimensional frames with end-plate connections have been tested by Gibbons 
[2.29] and some of the results have also been studied by the author [2.54]. 
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Chapter 3 

Databank of Moment-Rotation 

Test Results 

3.1 Introduction 

When designing steel frames it is customary to assume that the beam to column con- 
nections perform either as perfect pins or as fully rigid. From experimental studies [3.1] 

it is evident that most simple beam to column connections are capable of developing some 
intermediate degree of moment transfer and column restraint. The British design code for 

structural steelwork [3.2] allows the structure to be designed using one of three methods. 
The three methods are defined as fully rigid, semi-rigid and simple. When semi-rigid design 

is used, the connection behaviour must be adequately estimated or predicted. 

In the past a large number of connection tests have been performed. Due to the diffi- 

culties encountered by designers and researchers in gaining access to test results, the idea 

of a database was suggested within which test data from the technical literature would be 

collected. At the University of Sheffield, a system was originally established on an IBM 

3083 Mainframe machine by Y. C. Wang. 

Three major of sources of data were used. The first was that collected by Goverdhan 
[3.3] which covers tests up to 1983 and which also analyses the effects of various parameters 
on the connection behaviour. The second is the review of test data compiled by Nethercot 
[3.4] and the last is the paper database established by Kishi and Chen [3.5] which includes 

most of the connection tests up to 1985. 

The objectives of the data is to provide access to moment-rotation characteristics and 
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corresponding parameters of semi-rigid beam-to-column connections in a convenient com- 
puterised form and is the motivation behind the current steel beam-to-column connection 
database work at the University of Sheffield. 

The database used the technique of the tree selection sytem to reduce the entries to a 
brief table. A detailed description of this technique together with the improvement includ- 
ing two options for connection selection procedure will be presented in section 3.5.2. The 

current data collection includes most of the data published up to the spring of 1991 and fa- 

cilities were developed to enable new data to be inserted easily. A transfer of this database 

to other European Community Countries is in hand. To make the program more user 
friendly, a clearer instruction set has been developed by the Author. Composite structures 
have become more prevalent in the construction field in all European countries and some 
joint tests have been performed on connections involving composite action. To increase the 

versatility of this database, a suggestion in a report format [3.6] has been written by the 
Author to modify the existing database to incorporate the composite joint test results. 

3.2 Types of Connections 

A survey [3.7] of beam to column connections used throughout the construction in- 

dustry in the U. K. revealed the seven commonest types of connections currently in use to 

be; 

e Single/Double Web Cleat (Figures 3.1 and 3-2) 

* Single Web Plate (Figure 3.3) 

0 Flange Cleats with/without web cleat (Figure 3.4) 

0 Header Plate (Figure 3.5) 

0 Flush End-Plate (Figure 3.6) 

0 Extended End-Plate (Figure 3.7) 

Most of the connection tests reported are for monotonic and cyclic behaviour. There- 

fore, in the collection of the numerical form of the beam-to-column connection M-0 be- 
haviour, only the above seven types of connection under monotonic and cyclic loading are 
considered. 

111-2 



3.3 Structure of Program 

The database is written in Fortran language and at the time of development was im- 

plemented on Sheffield University's IBM 3083 mainfraine computer. The data is processed 

using the Standard Query Language (SQL) which had been shown in a study by Necib [3.8] 

that to be the best to be adopted for this program. 

However, the Sheffield IBM main frame computer system was be replaced by a 'SUNC' 

system in the winter of 1992 and it was impossible to transfer the database to the new 

system directly due to the lack of the SQL package. A transfer of the database to other 

centres and transfer to a PC system are considered as described in section 3.5. 

Trial use of the program showed that it takes a considerable time to select the required 
information when using the original detailed selection options set up by Wang. This is 

inconvenient to users when they need many different sets of data. Thus an alternative 

way to make the selection procedure more convenient was conceived. The improvement is 

thus carried out and a description presented in section 3.5; the selecting procedure being 

reported in section 3.5.2. 

3.4 Usage of Database 

3.4.1 Scope 

After the required test data has been selected, some of the post-processing features 

obtainable in the database are: 

is Setting and printing the selected test data. 

9 Plotting the moment rotation curve. 

* Connection moment-rotation behaviour modelling. 

* Comparison with other moment rotation curves. 

3.4.2 Printing the Test Result 

(1) Set and Print the Selected Test Data 

The detail information of the test selected by the user can be printed using an output 
file named by the user at the beginning of the run. The table lists the major fabrication 
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details of the connection type. The items from each test registered in the database are listed 

as: 

1. Author, test identification and the date of the test report. 
2. Beam and column size and size of beam-to-column components. 
3. Material grade or yield stress of these components. 
4. Controlling failure mode and test condition. 

5. Moment-Rotation data. 

6. Reference number and source. 

The reference of the source from which the test data was obtained is also printed. Thus 

the user can check out the required information from this source if necessary. The moment 

rotation data in different units (kip-in or kN-cm) can also be printed, enabling the user 
to obtain a hardcopy record of the numerical data. A screen copy is provided for the user 
to view the test information. The dimensions of the structural members and the plastic 
moment of the beam are also displayed in the output file. 

(2) Set and Print Brief Tables 

A general table is prepared for each connection type from which the selection is carried 

out within the program. The brief table is necessary since the detailed table contains too 

many variables and the processing of the table is expensive in terms of computer running 
time and storage. The brief table lists a few important variables chosen as the ones which 

are found to be most influential and they are varied to distinguish different tests. This type 

of table can also be viewed on the screen and printed out for reference. 

3.4.3 Plotting of Moment Rotation Curve 

Moment rotation curves may be plotted either in dimensional or non-dimensional form. 
For the dimensional form, the moment can be presented in kip-in or kN-cm. For the non- 
dimensional form, the format of EC 3 Part 1 [3.9] is adopted to classify the connections 
as rigid, semi-rigid or pinned according to the criteria set out in that document. The 

connection type, beam size, column size, material grade or yield stress of the connecting 
components, test author, test identification and the type of framing are displayed with plots 
in either format. Example plots are shown in Figures 3.8 and 3.9. 
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3.4.4 Connection Moment-Rotation Behaviour Modelling 

Currently, three models of fitting the beam-column connection moment-rotation curves 
are incorporated in the database program. They are: 

1. Frye-Morris Polynomial Model 
This model [3.10] is in the form of 

ft 
ý=ECk[KM]k 

k=l 
(3.1) 

where Ck is a curve-fitting constant, Kk is a non-dimensional factor depending 

on the size parameters for the connection type concerned and 
m 
11 pai (3.2) 

in which Pi is the numerical value of j th size parameter and ai a dimensionless 

exponent indicating the j th size parameter on the connection moment-rotation 
behaviour. m is the total number of size parameters. For each connection test, 
these curve-fitting coefficients are calculated and recorded in the output file. 

2. B-Spline Curve-Fitting 
When comparing different curve-fitting techniques, Jones et al [3.11] pointed out 
that the Fyre-Morris model could produce negative slopes in some cases, which 
is unacceptable for the analytical programs. To avoid this negative connection 

stiffness condition, they proposed the use of a B-Spline model to represent the 

connection moment-rotation relationship. Using this approach, the rotation is 
divided into a number of ranges by interior knots prescribed by the user. A cubic 

spline is then fitted for each range which also ensures the continuity of 1st and 
2nd derivatives. This technique is available on the Sheffield main frames through 

a NAG library routine. A requirement for this method is that the rotation should 
be in ascending order. The database program also outputs the coefficients of this 

model. Usually, five interior knots are enough to accurately fit the connection 
moment-rotation curve. In the program, the rotation values of these interior 
knots are determined by equally spacing the number of test points to avoid the 

situation in which no test points (default values) are available between two inte- 

rior knots. 
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3. Lui-Chen Modified Exponential Equation 
Lui-Chen proposed a modified exponential equation, i. e. an exponential equation 
plus a modifying linear equation, to represent the connection moment-rotation 
relationship in their study of beam-column connection behaviour. It has the form 

of . 
m- 1011 

Mo+ECi[I-exp( 2jac 
n 

EDk(Or 
- Ok)H[O, - Od (3.3) 

k=l 

where MO is the initial moment, Ci and a, the constant parameters and the 

scaling factor for the exponential function, Dk the constant parameter for linear 
function, Ok the starting rotations of linear component given by the experimental 
moment-rotation curve. H[x] is the Heaviside step function, it is defined as 

H[x] =I for x>0 
H[x] =0 for x<0 

It is suggested that m is taken as 6 and n=3 for the exponential and linear 
functions respectively, The starting values are obtained by manual input or di- 

viding the maximum rotation by n. 

These three models may be invoked separately or combined in any order. Figures 3.10, 

3.11 and 3.12 show the three individual models and Figure 3.13 shows the three models 

on the same plot. It is interested to note that in these figures a large discrepancy of M-0 

was determined using the Frye-Morris Polynomial Model of fitting. The author has found 

similar problems when trying to use this curve fitting model. As a result, the Frye-Morris 

Polynomial Model of fitting is not recommended. 

3.4.5 Comparison with Other Tests 

Overlaying of moment rotation data for different connections in a plot is frequently re- 
quired by research workers in order that a comparison can be made of different connection 
behaviour. This plotting can be done using both formats of moment rotation curves, i. e. 
using either dimensional or non-dimensional forms. An example is illustrated in Figure 3.13. 
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3.5 Improvement of Database 

3.5.1 General Scope 

To increase the usefulness of the Database, some improvements of the existing database 
have been implemented by the Author. These include: 

1. Greater efficiency and user 'friendliness'. 

2. Updating of test results. 
3. A suggestion for the inclusion of composite joint tests. 

4. Transfer of the database to other centres. 

3.5.2 Greater Efficiency and User Friendliness 

Many users are interested in selecting the test data according to the test author and 
therefore a new option using the name of the test author has been created. There are now 
two options for the selection of data by the users. It has been shown that the new option 
can provide the test data in a quick way with a shorter running time. Thus it provides a 
more convenient way to access a large set of different types of data. 

Instead of using the tree selection system, the technique used in two options of the 
database is to reduce the entries to a brief table. Once the option and the type of connec- 
tion of interest has been selected, all of the connection entries in a brief table are shown on 

screen upon request. This table may then be successively reduced following the technique 
described in the next section until the number of entries shown on the screen is small enough 
that the user can specify a connection directly against the reduced brief table. 

The reduction procedure starts by giving the user a list of parameters which are the 

same as the column headings covered in the brief table. Once the user has chosen one 
parameter, the program will list all of the available values for this parameter stored in the 

current brief table and the user then makes a selection. The connection test entries asso- 
ciated with the unselected values for this parameter will be deleted from the brief table so 
that it is reduced. Rather than going through all of the parameters one by one, the user 
can select the test in any order and may choose a connection test after just a few rounds of 
reduction, which makes the selection much more efficient. 

In some cases, several connection tests with identical connection details may have been 

performed to investigate the effect of different test conditions, e. g. loading combination, 
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test arrangement or simply to repeat the test. Only those tests with different conditions 
are displayed on the screen. Such a group of tests is treated as one entry only in the brief 
table, but the difference is indicated in the form of test condition once the entry in the 
brief table is chosen. The reduced brief table is retained and may be used again unless 
a completely different connection is wanted. Figure 3.14 shows the brief flow-chart of the 

selection procedure. 

Ambiguities in the instructions in the original program caused some difficulties in op- 
eration thus a dear and more complete instruction set has been created. 

3.5.3 Update Test Data 

Updating test data is carried out to collect the additional test data from a literature 

search. About thirty new test data sets were inserted, making up a total of some 550 sets 
of data in the database. The collection of new data is a continuous process. 

3.5.4 Composite Joint Tests 

Although numerous examples of tests conducted on bare steel beam to column connec- 
tions exist, their applicability is in many cases restricted as nowadays composite structures 
have become a common feature in typical European buildings. Composite structures, in 

addition to providing light shallow floors, also assist in the rapid erection of the structure 
therefore reducing the total construction time. 

To increase the usefulness of the Database, the test data for joints with composite 
members should also be incorporated in order that the additional information is available 
more readily for researchers. Thus, insertion of test data for joints with composite members 
is suggested. 

Comparing the bare steel members with the composite structural members, the main 
differences are: - 

* Beam - either Steel Beam / Girder or Composite Beam / Composite Girder 

@ Column - either Steel Column or Reinforced Concrete / Composite Column 
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(In this context a beam is a rolled section whilst a girder is built up from welded steel plates) 

A detailed example of the suggested data input is given in a report [3.6]. The example 
describes the items of input required for a flange or seat cleat with or without a single or 
double web cleat connection for a composite steel joint [3.12,313,314,315,116]. All other 
types of connection, e. g. flush end plate, are similar to the original database for the bare 

steel joint, only the input data for the beam and the column are different. Thus, other 
types of connection for composite steel joints can be used by incorporating the suggested 
items for beam and column properties used in this example. The other items can use the 

original database input for bare steel joints of the same connection type. 

Due to the difficulty of describing information in a tabular form, the author strongly 
recommends the use of drawings to describe the connection, the composite Beam and Col- 

umn for each individual test inside the database. 

Whilst a considerable amount of effort has been employed to produce this proposal it 
is recognised that it represents a starting point for comments and suggestions for improve- 

ments by others. The information has been passed to an EC funded group led by a team at 
the University of Aachen and suggestions have been incorporated into a set of datasheets 

being used for input and output of data for a PC mounted version currently under devel- 

opment. 

3.5.5 Program Transfer to Other Centres 

Clearly the database is a potentially useful source of joint test data. To widen its 

availability and enable researchers in other countries to use this database, the program is 

to be transferred to other research centres in the European Coal and Steel Community who 
funded much of its development. 

The database has already been transferred to the University of Liege in Belgium where 
an operational IBM mainframe machine is still operating. All of the files were loaded in a 
tape and stored in a file. However, due to the incompatibility of the different main frame 

systems, this method of transfer of the database proved to be unsuccessful . Thus, another 
method to solve this problem was devised. A series of Fortran Programs were written in 

order to directly create the tables in the SQL. The Fortran Program including the program 
to execute the database and to create the tables in SQL were loaded on a tape which en- 
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abled the programs to be loaded on the main frame computer in Liege. All tables were then 

created in SQL/Data system by using the relevant programs. 

3.6 Suggestion for Further Research 

The modified database was demonstrated at meetings of collaborating partners held 
in the University of Sheffield in February 1991 and Belgium in May 1991. Further re- 
search should be considered in the future to maintain and develop this useful and powerful 
database. 

In the past many tests were reported in insufficient detail and thus not all records are 

complete. The database contains some data which uses the nominal yield stress of material 
in joint tests and there may be some difference with the actual yield stress. Also many 
tests have been conducted in a less than ideal manner and a reappraisal of test data may 
be required following the suggestions proposed for standardised moment-rotation testing. 

Due to the lack of portability of the main frame database, a transfer to a PC based 

system is also suggested in order that this database can be used more widely. Following 

the initial suggestion for this, a PC version of the database program for bare steel joint 

tests is being developed in Aachen, Germany. The basis for the program was demonstrated 

at a meeting of collaborating partners held in Belgium in May 1991. It was then a very 

small database which containing only about sixty datasets. Furthermore, it would not be 

very efficient and convenient to select the data if it contained a large number of datasets. 

Following an agreement of co-operation, the datasets in the Sheffield database have been 

transferred and the technique and structure of the Sheffield database has been discussed and 

made available to the group. A more powerful database in PC version should be available 
in the near future. 

A suggestion to include the composite joint tests in the database is reported and has 
been examined by the Author. It is recognised that it represents a starting point for 

comments and suggestions for improvements by others. 
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Figure 3.1 : Single Web Cleat Connection 

Figure 3.2: Double Web Cleats Connection 



Figure 3.3 : Single Web Plate Connection 

Figure 3.4 : Flange Cleats with Web Cleats Connection 
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Figure 3.5 : Header Plate Connection 

Figure 3.6 : Flush End-Plate Connection 
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Figure 3.7 : Extended End-Plate Connection 

ConneEtign No I 
DOUBL WB CLýAT JONNECTLON 

estey bY: DAV RON. J. Test 
0: JT/O 

Beam Siz 254xI02UB22 
Column STie: 152xI52UC23 
Yield Stres! p: 40KSI 
Column Bending axis: MAJOR 

10 15 20 25 30 35 40 45 50 55 90 

XIO-3 

Connection Rotation(rad) 

Figure 3.8: A Example Moment Rotation Curve in Dimensional Form 
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Figure 3.9: A Example Moment Rotation Curve in Non-Dimensional Form 
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Figure 3.10 : Comparison of Test Moment Rotation Curve to Frye-Morris Prediction 
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Figure 3.11 : Comparison of Test Moment Rotation Curve to B-Spline Curve Fitting 
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Figure 3.12: Comparison of Test Moment Rotation Curve to Liu-Chen Fitting 
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Chapter 4 

Tests of Five Full-Scale Steel 
Frames 

4.1 Introduction 

Five two dimensional full scale frames have been tested at the Building Research Es- 

tablishment, Garston, Watford, using a facility developed there. The tests are the result of 
a collaborative effort by BRE, University of Hertfordshire (formerly, Hatfield Polytechnic) 

and the University of Sheffield to study the behaviour of frames with semi-rigid bolted con- 
nections. The connections varied in stiffness from flange cleats to extended end plates. The 
first two frames were designed and tested by Hatfield Polytechnic [4.1], the second pair 
by the University of Sheffield [4.2] and the fifth frame by BRE [4.3]. A large number of 
tests were carried out for each frame including instrumentation checking tests using differ- 

ent patterns of loading and tests to failure. It was impossible to analyse all of the results, 
or even most of them, concurrently with the tests due to the limitation of time within the 

each research project. All data from the five tests were stored at BRE for future study. 
In 1991, a new research programme suggested by BRE and the University of Sheffield was 
undertaken in which an in-depth appraisal of the most significant of the test results from 

the five frames was investigated. The main objective was to study -the performance of the 

connections and their influence on the behaviour of planar frame elements, under practical 
loading conditions. Comparisons were made with analytical work already carried out with 
the aim of developing a more realistic design method accounting for connection behaviour. 

In this chapter, the rationale behind the selection of the frames is described and then 
the instrumentation and loading system used for the frame tests are illustrated. Finally, 
the data logging and storage system and also interpretation methods are explained. 
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4.4 Instrumentation 

The main objectives of the instrumentation were to gather sufficient information about 
the measured applied loads, the distribution of force and moment around the frames, the 
deflected shape of structure and the M-ý relationship of joints to gain an understanding 
of the behaviour of the different frames. Details of the instrumentation positions for five 

frames are illustrated in Figure 4.2. 

4.4.1 Loading and Bracing System 

Each beam was loaded individually at its quarter and three-quarter positions using two 

cables and two hydraulic rams. The steel cables passed through the laboratory floor and 

were tensioned by two hydraulic rams reacting against the underside of the floor. A pair of 
hydraulic rams was controlled by a single servo-control valve. The rams were driven at the 

same hydraulic pressure by splitting the supply into two branches after the oil had left the 

servo-valve in order to achieve good control. Two load cells possessing similar calibration 
factors and initial off-set values were used, one for each cable, and were connected together 

to provide an average feedback signal. Figure 4.3 shows the detail of the hydraulic beam 

loading arrangement. This chapter presents only a brief summary of this system, a more 
detailed and technical description is given by Jennings et al [4.4]. A similar loading system 

was used to apply axial loads to the columns in frames 3,4 and 5. Two 1000 KN rams 

were used to load each column. Macalloy bars, instead of steel cables, were used to apply 
loads to an RHS spreader beam at the column head (Figure 4.4). Control of the system was 

again achieved by a servo-valve, but the feedback signal was supplied by a displacement 

transducer arrangement mounted at the head of the column as control by displacement 

rather than load was considered much safer in the inelastic range near to failure. 

All frames were erected adjacent to the laboratory wall so that the balconies could be 

used to support a bracing system. Nine structural Tee sections were bolted to the balconies 

and aligned with the bracing positions on each frame. Each frame was restrained by tie-bars 

attached to one edge column and lying in the plane of the frame for tests in the non-sway 
condition. They were fitted with threaded ends of different hands so that they could easily 
be slackened or tightened. Each tie-bar was instrumented so that the distribution and mag- 
nitude of the restraining forces could be determined. An additional tie-bar was wired up to 

act as a temperature compensator. Figure 4.5 shows the bracing system of a test frame. 
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4.4.2 Strain Measurement 

The distribution of force and moment around the frame was measured using strain 

gauges located at three sections in each column storey and at four sections along each 
beam. Four gauges at each section permitted the components of axial strain, bending 

strains about both major and minor axes, and torsional warping strains to be identified at 
that section. A linear strain distribution between gauges was assumed. Gauge positions are 

shown in Figure 4.2. 

4.4.3 Rotation Measurement 

Column and beam rotations at connections were measured using pendulum devices 

similar to ones described by Yarimici [4.5]. Figure 4.6 shows the device in a test frame. 
Rotation of the beam or column caused the thin metal strip to bend as the weight remained 
vertical. The relationship between rotation and the resistance of gauges mounted on the 

strip is Enear. A total of 21 of these devices was used for each frame. The device was quite 
delicate and subject to vibration and therefore an average of fifty readings was taken at a 
frequency of about twice the natural frequency of the arrangement in order to 'damp' the 
device. Rotation of the column at the base was measured by an electro level. 

4.4.4 Displacement Measurement 

Displacements were measured in both the beams and the columns at the quarter, three- 

quarter and mid-span positions as shown in Figure 4.7. All of these values were measured 

relative to points near to the ends of each member. For a non-sway frame test the con- 

nection displacements were negligible and so the measurement system was considered to 
be suitable for the type of test conducted. When the frame is permitted to sway, if axial 
shortening of the beams is neglected, and the very small vertical displacements ignored, the 

overall displacement can be deduced knowing the horizontal sway displacement of the outer 
column and the member displacements relative to their ends. An advantage of the system 

was*that an additional independent instrument supporting frame was not required and left 

the frame free from visual obstructions. 

4.4.5 Bolt Force Measurement 

The bolt forces were measured in frames 1,2 and 5 in which all 72 bolts, six bolts 

on each connection, for each frame were monitored, by using precalibrated strain gauged 
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bolts. A technique similar to that used by previous researchers was employed in these tests 
[4.6,4.7,4.8,4.9]. The bolts of frame 1 used a single axial strain gauge, bonded in a 2.5 mm 
diameter by 35 mm deep hole, drilled along the longitudinal axis of the bolt, from the bolt 

head. These bolts were used in a number of the isolated connection tests. The axial gauge 
is shown to exhibit a lower reading of bolt force at higher load levels than the surface gauge. 
This is due to their position on the centre line of the bolt, away from very high bending 

strains which may be present at the surface. Fracture of all bolts tested to failure occurred 
in the threaded portion, demonstrating that the presence of the axial gauge did not weaken 
the bolt in tension. 

For frame 2, three strain gauges were individually mounted, longitudinally on the bolt 

shank at 120* intervals. They were each protected by being positioned in a 0.5 mm milled 
recess, so that they did not stand proud of the bolt shank. The connection wires from each 
gauge were passed through a2 mm diameter hole drilled through the head of the bolt. A 
25 mm length of 12 mm diameter stiff plastic tube was threaded into the head of the bolt 

to a depth of 3 mm. Figure 4.8 shows a bolt. 

For frame 5, the method used for frame 2 was adopted with the only difference being 

that a3 mm diameter hole was drilled from the centre of bolt head into each gauge recess 
to avoid interference with the operation of the connection. 

The disadvantage of the methods adopted in frames 2 and 5 was the extensive prepa- 
ration of the bolts needed to fit the three strain gauges. This could be improved used a 

single axial strain bolt as frame 1. 

4.5 Data Logging and Storage System 

Three Solartron Orion Data Loggers were used to record all the data in the frame tests. 
Each was connected via an IEEE interface to an LSI 11/73 minicomputer with a 10 mega 
byte Winchester hard disc and an 8 inch floppy disc drive. This data logging system could 
log and transfer as many as 1000 channels to hard disk in under 10 seconds, thereby taking a 
set of readings in a small increment of time which was particularly useful in the elastic plas- 
tic range. During this test, around 400 data recording channels were necessary to monitor 
the frame instrumentation. The first 370 channels, which included the loads, strain gauges 
and displacement transducers, were recorded first and the rotation gauges were recorded 
last as they took a greater length of time due to the need to average readings. A pair of 
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dedicated servo-controlled amplifier units regulated the pressures, and hence load, applied 
to the individual loading rams and monitored the safety feedback signal. The data logger 

and the amplifier units were controlled directly from a remote minicomputer. The applied 
loading scanning of the instrumentation and plotting of the recorded data could be specified 
by the computer. Information recorded by the data logger was immediately transferred to a 
hard disk. The mini computer accessed this information and permitted the user to examine 
the current force and bending moment in any member of the frame or to trace the history 

of a number of channels through the tests. This facility was extremely useful during the 

execution of a test particularly near to failure. Detailed information on the data acquisition 
system and interrogation procedure may be found in Jennings et al [4.4]. 

At the completion of a test, the information was transferred to an 8 inch floppy disk. 
For the current study, the data was transferred to a 51- inch floppy disk and then sent 4 

to the University of Sheffield to be analysed. Here it was transferred onto a Prime main 
frame computer. A suite of programs, similar to that developed at BRE, was written to 
interrogate this raw data. 

A consistent sign convention has been adopted throughout with the vertical downward 

movement horizontal movement to the right and clockwise rotations (as defined on Figure 
4.2) being taking as positive with the frame view from the adjacent balcony parallel to the 
frame. 

4.6 Interpretation of the Data 

4.6.1 Analysis of Strains and Determination of Moments 

The distribution of force and moment around the frame was measured using strain 
gauges located at three sections in each column storey and at four sections along each beam 
as illustrated in Figure 4.9. Four gauges at each section permitted the components of axial 
strain, bending strains about major and minor axes and torsional warping strains to be 
identified at that section. Knowing the total strain at a particular location on the steel 
section, the individual force components being resisted can be derived. The relationship 
between the various loading components and the strain is shown in Figure 4.10. Figure 4.11 
illustrates the location and the nomenclature of strain gauges in the sections of beam and 
column. 
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Assuming a constant gauge factor and a linear relationship between stress and strain 
until yield, in theory, only four measurements of strain are required to determine the indi- 

vidual load components in the elastic region, one near the edge of each of the flange tips. 
However, this would be compromised in a local area of high or usual strain distributions. 
More gauges at each of the relevant sections would overcome this problem as it would effec- 
tively provide a degree of redundancy to the monitoring system and hence permit a better 
interpolation of strain when plastic dislocations occur. 

Using this approach, the bending moment at the ends of the members, at the loading 

points of beams and at the mid-height of columns were calculated. The method used to 

calculate the beam moment is more fully described next. 

4.6.2 Beam Moment Calculation 

Moments MI, M2, M3 and M4 are computed from strain measurements at strain gauge 
positions SGPO(I) to SGPO(4) indicated on Figure 4.12. The beam moments at each ends 

Mi and M4 ) and the loading points ( Mj and M3 ) are calculated using linear extrapo- 
lation. Figure 4.12 shows the moment distribution in a beam and the notation adopted. 

To calculate the connection moment, the distance between two gauges points is first 

calculated by, 
Ll = SGPO(2) - SGPO(I) (4.1) 

The distance between the beam end ECC and the first gauge point is, 

Di = SGPO(l) - ECC (4.2) 

The moment at the connection Mi is thus obtained as, 

Mi = MI + (MI - M2)1 
I 

Di (4.3) 

To calculate the moment at the first loading point, the distance between the second gauge 
point to applied load position D2 is calculated from, 

D2 LDPO(I) - SGPO(2) (4.4) 

The moment at the load position Mi is obtained as, 
I Mý' = M2 + (M2 

- MI)T-D2 (4.5) 
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The moments at the second loading point ' and at the connection at the other end of the Mý 
beam are calculated in a corresponding manner. Mý 

where A and Li are distances along the beam 
LDPO(i) are the applied load positions 
SGPO(i) are the strain gauge positions 
Mi and Mi' are the moments at the location points 
ECC is the position of the beam end 

A suite of programs, similar to that developed at BRE written in Fortran language was 
available to interrogate the raw data on the Prime A computer in University of Sheffield. 

4.7 A Brief Description of R-ame Tests 

Frames 1 and 2 were full-scale, two dimensional asymmetric two bay wide by three 

storey high steel frames with both flush end-plate and extended end-plate connections to 
the column flange. These two frames were undertaken to examine the influence of the 

connections on beam response. A detailed analysis will be presented in Chapter 5. For 

the frames 3,4 and 5 tests were more concerned with column response. Frames 3 and 4 

were full-scale, two dimensional symmetric two bay wide by three storey high steel frames 

with top and bottom cleat connections. In frame 3 the beams were attached to major axis 
of the columns and in frame 4 the beams were attached to the column on its minor axis. 
The results will be discussed in detail in Chapter 6. Finally, frame 5 was a full scale two 
dimensional symmetric two bay wide by three storey high structure with the connection 
types used in frames 1 and 2 (no stiffener was adopted). The nomenclature of five frames 

are shown in Figure 4.13. Details of test results will be the subject in chapter 7. 

The provision of all the general information and test results of five frame tests for use 
by others formed the basis of a paper [4.10]. 
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Rrame Axis Symmetrical (S) Mode Beam Column Connection 
Asymmetrical (As) Size Size Type 

1 Major As Non-Sway 254xl46UB43 203x2O3UC71 End-Plate 
& Sway 

2 Major As Non-Sway 254xl46UB43 203x2O3UC71 End-Plate 

I 
& Sway 

31 Major S Non-Sway 254xlO2UB22 152xl52UC23 Flange Cleats 
4 Minor S Non-Sway 254xlO2UB22 152xl52UC23 Flange Cleats 
5 Major S Non-Sway 254xl46UB37 152xl52UC37 End-Plate 

I 254xlO2UB28 . I 

Table 4.1 : Summary of Five Frame Tests 

Type Member Material Yield Stress (N/MM2) 
Rame No. 

1 2 3 4 5 
Beam 1 323.9 326.0 - 295A 357.0 

2 316.0 329.0 267.4 300.3 362.3 
3 324.5 324.0 269.3 296.0 354.3 
4 323.9 326.0 271.5 287.5 275.3 

1 

5 316.0 329.0 269.5 286.9 262.9- 
1 6 324.5 324.0 267.2 287.8 270.9- 

Column 1 274.0 272.4 252.5 298.8 246.0 
2 269.0 269.6 263.3 293.4 269.0 
3 286.0 272.5 262.3 278.1 

Remark : Frame Samples taking from Member Flanges 

Table 4.2 : Yield Stress measured in Five Frames 

SHEFFIELD 
UNIVERSITY 

0 



C) t') 
144- 

wt f4) 

9- 

04ý C) C: ) 

- 
'o 

(N n CN q- 

-R 

to 
22- 

C14 

qt rt) C14 0 

C*q 
r- cq CN 

-ft 
co 

9 

LO 

(D 
C4 E 

>� 
C 
0 
U 
0 

a) 
E 
0 
L 

U- 

Cl) 
a) 
E 
0 

LL 

a) E 
0 

V) 
10 
r_ 
cu 

llt 

0 
4) 
Cz. 

9) 
iz 



A 
r= 

Da 

Da a 4-- 

4- 

c D 
r=, 

] Da j DU 

DU t=i t=S Da L= C= 
--b - . 4-- 

Da DU 4-- DU *-- 

44-- 

DU E 11 LýI 
-C= 

DU 
ýK L 

C=t - 
D0 ' 

- 0 0* Ee l0-0 :z 
0 

t= C= C= t= Da -, r-= va Da 
4 4-- 

Ba Da 4-- 

0a B a Da 
e 

I 

Beom / Column Displacements 

Rotation Devices 

Strain Gouges 

Sway Restraint Bars 

Figure 4.2 : Instrumentation of Frames I and 2 

3810 mm 6090 mm 
i 

cri 

E 

Co 
C, 2 

Co cr) 

I 

I 



igodde 150 v 100 rhs 

test boom 

W*Oder boom 
400 x 200 ms 

trans, w" boom 300 3t 200 ths 

f 

2477 mm 

--q 

3250 mm 

orKhor 

SECTION 

Figure 43- Hydraulic Bearn Loading krrangement 

Figure 4.4 - Column Head Loading Arrangement 



Bearn laterally restrained at $12 mm C/c X 

frames restrolnoed laterally at nodes 0 
Major axis columns - minor axis buckling prevented at 0 
(Frames 1.2.3 & 5) 

Minor axis columns - major axis buckling prevented at 93 
(Frame 4) 
Sway bracing 

(vkm from bdcany) 

Figure 4.5 : Out-of-Plate Action Bracing Locations 

I 
225 mm 

4 Nos. 350 0 

stroln gouges In full bridge configuration 
0.6 mm thick spring stW strip 

Figure 4.6: Rotation Device 



Aluminium alloy supporting frame 

I 

Deflection tronsducer Pinned connection 

v 
I ('J 

Caliper mounting 

@--------------- 6) 

Test beom Locoting hole drifl'ed in beom 

Figure 4.7 : Location of Linear Voltage Displacement Transducers 

connection to data-logger 

stiff plastic tube 

epoxy resin adhesive 

strain gauges 
recess 

Figure 4.8 -. Strain Gauged Bolt 



IJ! 4J 
-d-:; 
IVA 

916LI 

om 

g I§t 

.9 

I 

"T 

009t 

,I 

ml 

009C 

I 

ST 

T 
oca 

I 

ac'1 
' 

pw 

E 

U&I 
oom 

at 

st 

I 
I 

ut alt 

0001 . 0091 
DM 

II 

I 

a 

4 
I 

�4 

II 

2 
oca 

4MV x -- 
. ! SCLI LoO 

j 

q 

II 

4H1 

Dell FZI 

A 

6 

a 

I--- 
Ka I 

LO 
cu 

ti- 

It 

10 
c 
0 

to 

(I, 

E 
0 

LI- 

N 

*0 

9- 
(1) 

a, 
E 
0 
Li 

owl 
i 

0099 oogi 



1 

3 

AXIAL LOAD 

1 

3 2 

MINOR AXIS MOMENT 

3 
MAJOR AXIS MOMENT 

BI-MOMENT 

STRAIN COMPATIBILITY EQUATIONS : 

I=Ca+Cb+ Cc - ed 

2= to +Cb- Cc + td 

3" r- a-tb- Cc - Cd 

t4=e0-Cb+ Cc + ed 

FORCE EQUATIONS : 

P ='ý 
A+42+ 43 + 44 

4 

Mx= 
LZ-x ( 41 +c2- C3 - 14 ) 

MY = 
EZy 

-r 4 .1+1: 2 + C4 

Mw = 
ý, 

-Zw 1+c2- C3 + C4 
4 

Figure 4.10 : Determine of Force Components from measured Strain 



BRACING SIDE 

41 

Frames 1 to 4 

3421 

Frame 5 Frames 1 to 5 

Section of Beam Section of Column 

Figure 4.11 : Nomenclature of Strain Gauges in the Sections of Beam 

and Column 

t- 

ECC ECC 

Stroin Couge Positions SGPO(I) SGPO(2)1 
I SGPO(3) SGPO(4) 

Load Positions LDPO(I) LDPO(2) 

Moment MI M2 M3 M4 

ml M2' m3. M4 

Figure 4.12 : Notation adopted for Beam Moment Calculation 



8 

0 

8 

8 

0 

8 

a 

G) 

Lr) 
«0 

E 

LL- 

CN 

10 
c 
0 

9- 

a 

ID 
ja 

E 17 

-0 

E 



Chapter 5 

Behaviour of Two Asymmetrical 

F'rames with End Plate 

Connection 

5.1 Introduction 

This chapter describes the test results from two full scale frames incorporating flush 

and extended end-plate beam-to-column connections designed and tested by the former 
Hatfield Polytechnic [5.1]. The first frame was used to investigate the overall behaviour of 

a structure, in particular the response of stiff connections and the influence of their flexi- 
bility on beam behaviour, whilst the second frame was used to make a comparison between 

two frames and investigate in greater depth any anomalies arising detected in the first frame 
[5.2,5.3,5.4,5.5]. In this chapter, the behaviour of the frame under different load combina- 
tions is discussed. Some relationships such as the moment distribution around the beams, 

the M-ý response of the joints, the deflection of the beams and columns, the load-side- 

sway displacement between the frame and the relationship of the connection moment and 
the bolt forces are then selected for study. Finally, the tests to failure are analysed in detail. 

5.2 Test Configuration 

Frames I and 2, shown in Figure 5.1, were two storey structures of approximate overall 
dimension 10 m wide x 11 m high. Figure 5.2 shows the general arrangement of the frame 

and identifies the joint nomenclature. A suitable storey height for such a building was as- 
sessed to be 3.6 m. Unequal beam spans of 4m and 6m were selected as these values were 
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deemed sufficient to produce failure in the beams according to design calculations. Due to 
the discrete nature of the holding down system and the loading systems in the laboratory 

these exact span dimensions were not possible and they were thus adjusted to 3.810 m and 
6.096 m. The advantage of using beams of two different lengths was the ability to design 

the beams with different end restraints. Thus the shorter span of beams were designed as 
flush end-plate connections (joints A to F) whilst the longer span of beams were designed 

with extended end-plate connections (joints G to L). The dimensions of the connections 
used are shown in Figure 5.3. 

Two frames were constructed using 203 x 203 UC 71 sections for columns and 254 x 146 
UB 43 sections for beams. All steel was nominally grade 43A throughout. The end-plates 

were attached to the ends of the beams with fillet welds - 12 mrn in frame 1 and 20 mm 
in frame 2- and to the columns with M20 grade 8.8 bolts in 22 mm diameter clearance 
holes. Different thicknesses of plates were adopted and Figure 5.3 also summaries the plate 
dimensions. The column base plates were assumed to be pinned in the analysis. This was 
simulated in the laboratory by using two bolts, positioned on the centre-lines of each column 
major axis, to hold down the base plate. All beams were framed into the column flanges. 
All columns were stiffened using conventional horizontal stiffeners positioned directly in line 

with the connected beam flanges. Stiffeners were used at the loading points in all beams in 

order to prevent web buckling due to applied loads (Figure 5.4). 

Both frames were designed to represent the top three storeys of a much larger multi- 

storey office block and, as such, the top storey beams were considered to be the roof. The 

realistic design loads were determined using CP 3 [5.6] as follows, - 

1. Dead Load 
Floor and roof beams 21.2 kN/m 
(150 mm slab, 50 mm finishes, ceiling and services) 

2. Live Load 
Floor beams (Offices general use) 10.0 kN/rn 
Roof beams (cleaning, repair and snow) 3.0 kN/m 

In practice, the loads would be applied to the beams as uniformly distributed loads 
(u. d. l. ), however in the laboratory it was more practical to use two points loads at the 

quarter and three-quarter points of the beam in this test. This configuration was chosen, 
because it represents the free moment diagram for a u. d. l. load in the mid-span of beam 
i. e. M=W. -L with reasonable accuracy. 
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No loads were applied directly to the columns in either frame test. Two frame tests 

were tested to failure in an in plane non-sway condition. Frame I used hand-tightened 

bolts throughout but, in the second test, both hand-tightened and pre-loaded bolt were 

adopted using the procedure outlined in the second progress report [5.2]. Two torques 

were established, 25 kNm for the hand-tightened bolts (frames 1 and 2) and 100 kNm for 

the pre-loaded bolts (frame 2), in order to compare the overall behaviour of frames under 
the different bolt forces. 

Strain gauges were installed in the same positions on the beams of the two frames. 
However, different positions were used for the columns in frame 2. Little information on 
local areas of high or unusual strain distributions around the connections was obtained in 

the first frame although the overall distribution of the stress resultant was as expected. The 

strain distributions around the connections on the central column were studied in greater 
depth for the second frame and enabled a comparison with the first frame to be made. 
Unfortunately, due to the limitation of the logging system, it was only possible to equip five 

sections with twelve gauges; above and below joints D/I and F/K on the central column 

and below joint H. The latter location was specifically chosen because of anomalies arising 
in the first frame. Column web strains were measured by three 120* rosettes positioned at 
joint J as described by Prescott [5.1]. Thus column flange bending was studied above and 
below joints D and J. Gauges were positioned 25 mm from the tips of both sides of the 
flange, at sections 50 mm above and below the section of twelve gauges. The beam web 

strains were monitored at two sections in the web at joints D and I. Figure 5.5 illustrates 

the strain gauge positions for frame 2. 

5.3 Test Set Up and Procedures 

Each beam was loaded at its quarter and three-quarter points using the loading system 
as described in the first progress report [5.7]. A pattern of beam loads was applied in 
increments to a pre-determined value or up to failure for each test. Table 5.1 summarises 
the load levels applied to the beams up to their design values. 

The main objective of the frame tests was to gain an understanding of the changing 
behaviour of the frames under the measured applied loads, the distribution of force and 
moment around the frames, the deflected shape of the structure and the M-0 relationship 
of joints. Investigations undertaken on the isolated connection tests by Prescott [5.1] sug- 
gested that the strain gauges should be positioned about 100 mrn away from the edge of the 
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end-plate in order to avoid measuring very high local stresses due to flange bending. Thus 

the gauges on the beam were positioned 100 mm away from the edge of the end-plate and 
the same distance away from the loading position on the side nearest the connection. The 

gauges at the column ends were also positioned 100 mm away from the top and bottom of 
the adjacent end-plate. Four gauges were located at each of these sections and positioned 

on the outer tips of the flange, 25 mm from the end. The strain gauge positions in two 
frames are illustrated in Figure 4.9. A detailed description is also given in chapter 4. 

The rotation transducer readings were initialised to zero by using the data logger's 
initialisation procedure. The load cell reading was also set to zero by subtracting the initial 

value registered by the load cell in the Data Logger when the specimen was not loaded. 

The rotation devices were sensitive to ambient vibration and therefore needed damping to 

minimise such effects while readings were being taken. 

Each beam could be loaded independently to give any desired pattern of beam loads. 

After specifying the required increments, all beams loads were applied simultaneously- The 

loads were then checked against measurements from the independent load-cells in each ca- 
ble. The logger was then scanned to confirm that the loads applied were satisfactory. It was 

possible to scan one or more of the individual channels. A hard copy of the raw data was 
then printed out but could only be viewed on the VDU in tabular form due to the format 

used. The data logging and storage system are described in chapter 4. 

5.4 Main Features of Frames 1 and 2 

5.4.1 Test Programme for Frames 1 and 2 

A total of 30 tests were conducted on frame I and 43 on frame 2. Tables 5.2 and 5.3 

give a simple description of each individual test. The tests of two frames can be divided 
into 4 stages. 

1. Stage 1: Preliminary Testing 
Tests in both sway and non-sway modes on frame 1. The different patterns of 
low loads were applied in order that the instrumentation and equilibrium could 
be carefully checked. 

2. Stage 2: Working Load Tests 
Tests were conducted with and without sway bracing. Dead load and dead load 

plus imposed load were applied to the beams in different patterns. 
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3. Stage 3: Design Load Tests 
Tests in the sway and non-sway modes. Full design load was applied to the 
beams. 

4. Stage 4: Tests to Failure 
Loads were applied to the beams to cause the failure of the frame - all tests 

conducted in a non-sway mode. 

5.4.2 Tightening Procedure in Connections 

Ungauged bolts were used when the frame was erected. At each connection two un- 
gauged bolts were then removed and replaced by strain gauged bolts. This method was used 
to protect the strain gauged bolts from damage during the erection of frame. This presented 

an ideal opportunity to investigate bow the pre-loading of one bolt affects the pre-load in 

all other bolts in this frame. The bolt replacement procedure started at the centre column, 
first floor and proceeded to the two external columns. This procedure was then repeated 

at the middle and upper levels. At each connection, all bolts were loosely in position and 
then a standard sequence of bolt tightening was employed. Initially the centre bolt on one 

side of the web was torqued to the required tension, 25 kNm for hand-tight bolts and 100 
kNm for pre-loaded bolts. Then the bolts above and below were tightened to their correct 

values. Reading of the pre-load in all of the bolts was checked after tightening each bolt. 

This procedure was repeated until the pre-load was within ±20% of the required values in 

these three bolts. An identical procedure was adopted for the bolts on the opposite side. 
When all of the bolt forces satisfied the requirement, the next connection was tightened. 
The effect of changing the force in a particular bolt was minimal on other bolts positioned 

either across the width of the end-plate or in another connection. However, this was not true 
for those bolts directly above or below the one being tightened. Prescott [5.1] concluded 
that their preload either decreased or increased significantly dependent upon whether the 

adjacent bolt was tightened or slackened respectively. Figure 5.6 shows the tightening pro- 
cedure adopted for each connection. 

5.4.3 Observations during Tests 

References [5-1,5.8] record that, prior to the tests, some lack-of-fit in connections was 
observed in a number of joints in different tests although other joints showed good fit up. 
Generally, lack-of-fits does not appear to cause problems to a building in practice [5.9]. In 

this section, some type of lack-of-fit in connections are discussed -a detailed record of the 
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type of lack-of-fit observed in the connections in different tests is presented in a BRE report 
[5.8] and Prescott's thesis [5.1]. Figure 5.7 illustrates the notations adopted for the bolt 

position and different bolt rows in both flush end-plate and extended end-plate connections. 
Based on the reference [5.1], the lack-of-fit in connections were not recorded systematically 
in Frame 1. In frame 2, seven types of connection lack-of-fit were encountered, these are as 
follows: - 

1. For flush end-plates, a bow was found in the end-plate between the beam tension 
flange and the middle bolt row. The maximum gap was found at the level of the 
top row of bolts (Figure 5.8). 

2. For extended end-plates, a bow was found between these two rows within the 
beam depth. The maximum gap was found between these two rows of bolts 
(Figure 5.9). 

3. For flush end-plates, a gap existed at the top of the end-plate extending down- 

wards to the top row of bolts. The maximum gap was found at the top of the 
flush end-plate (Figure 5.10). 

4. A gap existed at the top of the end-plate and extended downward to the middle 
row of bolt, i. e. T2 row for the flush end-plate and T, row for the extended 
end-plate. The maximum gap was found at the top of the end-plate (Figure 

5.11). 

5. A gap existed in the top of the end-plate and extended downward to the bottom 

of the bolt rows. The maximum gap was found at the top of the end-plate (Figure 
5.12). 

6. A gap was found from the beam tension flange and extended to the bottom of the 

end-plate. The maximum gap was found at the bottom of the end-plate (Figure 

5.13). 

7. A gap was found from the lowest row of bolt and extended to the bottom of the 
end-plate. The maximum gap was found at the bottom of the end-plate (Figure 
5.14). 

Although the phenomenon of lack-of-fit in connections has been recorded by others, a 
general discussion based on reference [5.1] is outlined here. The first and second types of 
lack-of-fit in connections for typical end-plate distortion were due to welding of the joints. 
For the isolated tests done conducted by Prescott [5.1], it was found that the bows in the 

end-plate of the frame tests were relatively common in the majority of connection tests 
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conducted in isolation. The distortion was found to be larger in the thinner end-plates but 

required a smaller increase in bolt force to produce a better fit up of the connection. An 
increase in bolt pre-load eliminated the distortion in all of those connections where it was 

originally present under the lower tension. Fortunately, these two types of lack-of-fit had 

no significant effect on the behaviour of the connections. 

Lack-of-fit problems type 3,4 and 5 were due to poor fit up within the frame itself as 
opposed to local connection deformations. The distortion remained visible in some of the 

connection tests under medium to high levels of moment and was very dependent on the 
thickness of the end-plate. The distortion reduced by increasing bolt pre-load. The bolt 
force increased immediately after the first loading increment was applied, resulting in high 
bolt force. These differences between the bolt force should be equal to the additional bolt 
force required to dose the gap in the initial lack of fit [5.1]. 

The last two types of lack-of-fit in connections were less straightforward, affected the 

overall behaviour of structure and influenced the distribution of moment within the frame. 
With increasing applied beam load, the gap at the bottom of the end plate closed until 
eventually the end plate made contact with the column flange. Thus initially the stiffness 

of the connection was lower than anticipated but this stiffness increased dramatically as the 

gap was closed and the behaviour of connection reverted back to normal. Detail records and 

analysis of the lack-of-fit in the connections in different tests was presented and discussed 

by Prescott [5.1), thus no further analysis was carried out by the author. 

5.5 Behaviour of Frame under Different Load Combinations 

In the design of a steel frame, the ultimate capacity (axial load and moment) of the 

members and the deflections at key locations are the principal factors to be considered. De- 
flections are usually required at serviceability conditions due to unfactored imposed loads 

and are usually derived from elastic bending theory assuming either pin-ended beams in 

simple construction on fully rigid connections in continuous constructions. Although some 
computer programs can accurately predict response with real semi-rigid joints, it is not easy 
for designers to accept the results without verification. 

This section investigated the affect of the frame response due to different load com- 
binations. Two series of tests are included the pre-loaded and hand-tightened bolts in 

connections. Each series contained two parts, loading of all six beams followed by loading 
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of each beam individually, to examine the behaviour of the frame under different load com- 
binations. Table 5.4 shows the load and the mid-span deflection of beams under different 

load combinations in two series of the tests. It is noted that a significant larger mid-span 
deflection are determined in the tests when load applied separately. This is due to larger 

restraint provided by the adjacent beam under load in each beam when it was compared 

with the results under beam loaded separately. Thus smaller mid-span deflections were 

observed. As a result, it provides an evidence the mid-span beam deflections obtained in 

the tests under load separately should be considered for the beam deformation check in the 

serviceability limit state. 

It is of interest to compare the mid-span deflection in the tests under beam load in- 

dividually to the predictions from a simply supported beam to indicated benefits of the 

semi-rigid design. The predictions of 4.7 mm is obtained for the shorter span beam and 31 

mm. for the long span beam. The deflections recorded the tests are significantly less than 
the prediction from a simple supported beam. A minimum reduction of 45 % deflection was 
determined and thus the economics is still possible using this pattern of load for design. 

Table 5.5 shows the moment distribution around the frame under different load combi- 

nations in the two series of tests. For the first series of tests, more moment was attracted to 

the connections, thus reducing the moment at the two loading points on each beam, in test 
10 when compared with the connection moment in tests 14 to 19. The same phenomenon 

was observed in the second series of tests. Due to the larger restraint provided by the 

adjacent beam in tests 10 and 32, more moment was thus attracted to the beam ends near 

connections. 

At the load level corresponding to the dead load for the beam, the free moment is 

determined as 38.6 kNm in the shorter beams (beams I to 3) and 99 kNm in the longer 
beams (beams 4 to 6). In the tests, moments were attracted to connections, leading to 

reduced mid-span moments due to the stiffness of the end-plate. The results from the tests 

which load applied to each beam individually, shown in Table 5.5 indicate that beam ends 

with flush end-plate connection reduce by 30 % of free mid-span moment and 34 % for the 

extended end-plate connected beams. 
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5.6 Discussion of Frame Test Results 

Selected test results will now be discussed in terms of different parameters. Firstly, 

tests are selected according to the different test conditions (sway or non-sway and hand- 

tightened or pre-loaded bolts used in connections) and the pattern or level of the applied 
beam loads. Secondly, one test result is taken as a reference and is discussed and compared 

with the other selected tests. Finally, the results are compared with the values obtained 
from analyses using a elastic rigid frame computer program which was developed in the 
University of Sheffield to determine two extreme cases of joint response, i. e. assuming the 

connection to be fully rigid or pinned. The results assuming the fully rigid connections are 
determined from a two dimensional rigid jointed frame but with pinned bases for the lower 

columns whilst the pinned connection responses are calculated from individual single beams 

with simply supported end conditions. 

5.6.1 Parameters and Tests selected for Study 

The moment distribution around the beams is the first characteristic selected for study. 
Test 3 of frame 2 corresponds to a non-sway frame using hand-tightened bolts in the connec- 
tions under dead, dead plus imposed and also with additional load on each beams. Test 11 

of frame 2 corresponds to a sway frame using hand-tightened bolts in the connections under 
dead plus imposed loads on each beam: Tests 40 and 41 correspond to a frame with sway and 
non-sway modes using pre-loaded bolts in the connections under design loads on each beam. 

To examine the importance of the actual moment-rotation response of the joints, the 

results obtained in tests 23 and 28 of frame 1, tests 31 and 40 of frame 2, corresponding 
to different test conditions, are selected. Thus the moment rotation curves under sway 
and non-sway conditions using hand-tightened and pre-loaded bolts in connections can be 

compared to each other. The stiffnesses of the connections at the initial, maximum and 
unloading stages are determined for each test. 

In practice, the deflection of beams is an important factor to be considered by designers 

and a set of typical beam deflection results are discussed. Four tests, tests 3,11,31 and 40 
in frame 2, have been chosen for study. 

The aim of the tests to failure for this frame was to investigate the behaviour of beams 

close to the critical load condition. When designing the frame, a heavy column section was 
thus selected when compared with the size of beam and stiffness of connection used. To 
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prove this point, test 28 of frame I which corresponds to a non-sway frame under very high 
load (greater than the design load) in each beam, is used to show that the central deflection 

of each column segment was very much small. 

Sway displacements of joints H, 3 and L (at the upper, middle and lower joints at the 

edge of column in the longer span side) are also discussed. It is interesting to investigate 

the effect of pre-loaded and hand tightened bolts adopted in the connections on the side 
displacement of the frame. Tests 11,21 and 40 of frame 2 are selected for study. 

The distribution of bolt forces in the connections with the change of the connections 
moment are of interest and the general behaviour of bolt forces in different connections 
under varying moments are discussed. As different thicknesses of end-plate are used in the 
two frames, joints A, C, E, G, I and J are thus selected to represent each different thickness 

of end-plate in test 28 of frame I and test 40 of frame 2. Details of the tests selected for 

study are presented in Table 5.6. 

5.6.2 Moment on Beams 

Table 5.7 presents the end and span moments for the tests and the results from the 

rigid frame analysis. Larger moments were attracted to the extended end-plate due to the 

stiffer connection adopted and larger moment levels were associated with longer beams. 

The internal joints attracted more moment than the external joints due to the internal joint 
being restrained by the adjacent beams on both sides. As expected, at a given load level, 

the connection moment from the rigid frame analysis was greater than that in the test due 

to the semi-rigid nature of the real connections. 

In tests 3 and 11 which incorporated band-tigbtened bolts in connections with non- 
sway and sway conditions, it is noted in Table 5.7 that, whilst these is same variation for 
individual beam on average, there is no significant difference in the beam moments between 

these two tests. The flush end-plate connections attracted about 64 % rigid moment whilst 
the extended end-plate connections attracted about 82 %. Comparing the results in tests 
40 and 41, it is again found that there is no significant difference for the connection moments 
existing between the two tests and this confirms that the stiffness of the extended end-plate 
was larger than the flush end-plate. The extended end-plate connection attracted very high 

moments. Examining the results show that the internal and external connections attracted 
moment in aa similar ratio to that in the rigid frame. The results also show in Table 5.7 
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that greater moments were attracted to left hand side joints in test 40 due to sway of the 

asymmetrical frame. 

A comparison of tests 11 and 40, which represent a sway frame with hand-tightened 

and pre-loaded bolts in the connections, under dead plus imposed loads in each beam is 

next considered. Results from both tests show that higher moments were sustained near the 

extended end-plate connections of beams 4,5 and 6 with a resulting reduction in moment 
in the span of the beams. 

5.6.3 Moment Rotation Behaviour of Joints 

The behaviour of a beam-to-column connection is dependent on a number of different 

parameters including the type of connection, the grade of steel, the size of beam and col- 
umn and the axis of bending. The behaviour of the connection is best illustrated by the 

relationship between the moment transmitted by the connection at all levels of load. Two 

types of connections, flush end-plate and extended end-plate, were used in two frames as 
follows :- 

1. Flush End-Plate Connection 
The flush end-plate used in the short span of beams is currently the most popular 
type of connection in the U. K., principally because of relatively straightforward 
fabrication and erection, although convenience in containing the joint within the 
beam depth is also a factor. This connection is normally used simply as a shear 
joint and no advantage is normally taken of its inherent stiffness. 

2. Extended End-Plate Connection 

The extended end-plate connection with a row of tension bolts outside the beam 
flange has greater moment capacity than a flush end-plate due to the increased 
lever arm of the resultant tensile force. Despite the disadvantage of the connec- 
tion projecting above the top flange of the beam, the extended end-plate is very 
popular when connections are required to transfer beam moments into columns. 

Both flush end-plate and extended end-plate connections have significant stiffness, par- 
ticularly the latter which has a very high value. Also in this test the strength of the extended 
end-plate connection exceeds that of the attached beam and thus it may be considered as 
providing a realistic upper bound of practical connections associated with a semi-rigid de- 

sign approach. 
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Figures 5.15 to 5.22 presents the selected moment-rotation curves for tests 23 and 28 of 
frame 1, tests 31 and 40 of frame 2. The four selected tests are based on different conditions; 
non-sway and sway with hand-tightened and pre-loaded bolts in the connections. As some 
instrumentation faults occurred during the test not all parameters have been determined 

for all joints. A number of key parameters, the maximum moment sustained, the corre- 
sponding rotation, initial stiffness (Ci), the maximum stiffness in the loading stage (C,,, ) 

and the unloading stiffness (C,, ) for each joint are presented in Tables 5.8 and 5.9. Figure 
5.23 shows a typical M-0 curve response of semi-rigid connection. 

Generally, the initial stiffness is often regarded as being the maximum stiffness in the 
loading stage. Due to the lack of fit observed in some of the joints in the tests, non-linear 
relationships were observed for some of the joints even in the 'elastic' regions. Thus after an 
initial stiffness at the commencement of loading, these joints stiffened giving a higher value 
for (C,,, ). Where pre-loaded bolts were used in the connections, the problem of lack-of-fit in 

the joints was largely overcome and the maximum stiffness was thus obtained in the initial 

stage. Frequently, the unloading stiffness is regarded as being similar to the initial stiffness 
[5.9,5.10,5.11] and here the maximum stiffness is also compared with the unloading stiffness 
for the particular cases studied. From the results the following observations are made. 

First comparing the loading and unloading stiffnesses of the external joint for the flush 

end-plate connections in tests 23 and 28 of frame I (Table 5-8), surprisingly both stiffnesses 

reduce as the thickness of the plate increases. Conversely, both stiffnesses increases with the 
increases of the plate thickness in the internal joint for the external end-plate connection. 
Due to the irregular moment rotation responses obtained for some joints, no comparison 
can be made for the external joint for the extended plate connections and the internal joint 
for the flush end-plate connections. The maximum stiffness was found at the some point 
but not the initial stage of the loading path of the M-ý5 curves in connections (see Figures 

5.15 to 5.18). 

Turning to compare the loading and unloading stiffnesses of the external joint for the 
flush end-plate connections in tests 31 and 40 of frame 2 (Table 5-9), their maximum stiffness 

was presented in the lowest joint E (15 mm thickness of plate). The stiffness of connec- 
tions were observed significant effect for the thickness of plates. As discussed before, both 

stiffnesses reduced with increase of the plate thickness in the external joint of the extended 

end-plate connection. Generally, similar initial stiffness were determined in two tests in 

non-sway and sway conditions. The mayimum stiffness was found in the initial stage of the 
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M-0 curves for the pre-loaded bolt adopted in connections. Non-linear curves existed at 
joint C in both tests, and at joint L in test 40, perhaps due to the lack-of-fit in the connec- 
tions (Figures 5.19 to 5.22). It is difficult to determine the unloading stiffness in most of the 
joints due to the variation of the unloading curves. Generally, reduced unloading stiffness 
was determined for joints when compared with the maximum or initial stiffnesses in the test. 

5.6.4 Beam Deflections 

Steel frames have usually been designed on the basis that beam-to-column connections 
are either pinned or rigid. The actual stiffness thought will fall somewhere between these 

extremes, giving what is generally termed 'semi-rigid' behaviour. Due to the semi-rigid 
action, the mid-span deflection of beams are always less than the predictions from a simply 
supported beam. This section highlights the feature from the test results. 

Deflections computed using two extreme cases, a rigid frame and a simply supported 
beam are compared with the test results in Table 5.10 together with the ratio of the test 

result to the rigid frame deflection and the simply supported deflection to the test value. 
When the deflection in the tests was compared with the deflection predicted from the rigid 
frame, the ratios were determined in a range of 1.00 to 1.54 in the short span beams and 
1.08 to 1.45 in the long span beams. (The ratio in beam I determined lesser than 1 suggest 

a small degree of experimental error. ) Turning to compared the ratio of the predictions from 

the simply supported beams to the test results, a range of 2.35 to 4.38 for the short span 
beams and 2.22 to 3.70 for the long span beams were calculated. There was no significant 
difference of the results between the short and long spans conditions. This results clearly 

show that the actual deflections, lie between the two extreme cases but are noticeably much 

closer to the rigid case than the simply supported case. 

The effect of sway on beam deflections was studied by comparing tests 31 and 40 (see 
Table 5.10), it was found no significant different. It is interesting to investigate the effect of 
beam deflection due to adopt the pre-loaded bolts in connections, tests 11 and 40 were thus 

selected. When the longer span is considered, an average reduction of 24 % is determined for 

the top beam (beam 4) and 10 % for the lower storeys (beams 5 and 6). Same phenomenon 
is observed in the short span beams. Thus it suggests that the preload is more effective at 
reducing deflections for the thinner, more flexible end-plate connections. 
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5.6.5 Column Deflection 

Table 5.11 shows the maximum deflection at the mid-height of columns in Test 28 of 
frame I which was in a non-sway mode under high beam loads. The deflections can be 

seen to be very small - all were recorded as below 2.1 mm which is well below the generally 
accepted initial lack of straightness value of L/1000 which is 3.6 mm. This is not surprising 
as the columns were intended to provide high restraint to the connections and were not 
subjected to axial loads and the magnitude of the deflections which occurred indicated that 
this requirement was attained. 

5.6.6 Sway Displacement 

To investigate the effect of side displacement of the frame between the cases with hand- 

tightened and pre-loaded bolts in connections, three tests were selected based on different 

conditions. Test 11 of frame 2 was the frame tested in sway mode, hand-tightened bolts 

in connections under their dead plus imposed loads to each beam; test 21 of frame 2 was 

under the same test conditions with pre-loaded bolts in the connections; Test 40 of frame 

2 which corresponds to a sway frame with pre-loaded connection bolts and loaded to its 
design load. Table 5.12 presents the results. Comparison of tests 11 and 21 shows a larger 

side displacement was observed in the top storey (joint H) in test 11 due to reduced stiff- 

ness provided by the hand-tightened bolts in connections. Larger applied beam loads are 

required to produce a similar side sway in the top storey for the frame with pre-loaded bolts 

in the connections as evident by comparison of the results of tests 11 and 40. Thus the 

pre-loaded bolts used in connections reduced the side displacement in the top storey of the 
frame. 

5.6.7 Connection Moment and Bolt Forces 

Figures 5.24 to 5.35 present the resulting moment bolt force plots for each bolt of the 

connections in test 28 of frame I and test 40 of frame 2. All of these forces are zeroed at 
the start of the tests i. e. any pre-load is discounted. Thus an apparent compression of bolts 
in these figures could actually be a reduction in pre-load in connections. Joints A, C and E 

which have three different thicknesses of flush end-plates and Joints G, I and J which use 
the three different thicknesses of extended end-plates are selected for analysis. Figure 5.7 

presents the bolt nomenclature for the connections in the two frames. Table 5.13 gives the 

maximum recorded bolt forces in the tests. 
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From Table 5.13, most of the tension force was sustained in the first row TI. Very 

small compression forces were observed in connections A and C in test 28 of frame 1 and 
connection C of test 40 of frame 2 at the middle and lower rows on the balcony side (Bolt 

nos. 3 and 5). Most of the bolts are under tension when the maximum moment was applied 
to the connections. The results show that the upper row of bolts in the flush end-plate 

sustained most of the tension force, with the middle row sustaining a reduced tension force 

or even a compression force depending on the location. The lowest row T3 sustained a lowest 

tension force or even compression force. In fact, the thickest plates attract more bending 
in the plate within the depth of beam (see Table 5.13) and the bolts are comparatively 
stiffer and hence carry higher force. This was again supported by the higher force sustained 
in the connection C than the connection A in two tests. Comparison with the results for 

frames 1 and 2, the difference can be explained by the fact that test 40 of frame 2 used the 

pre-loaded bolts in connections and was tested in sway conditions . 

The experimental results of Prescott [5.1] showed that the middle row of the extended 
end-plate connections was used to sustain most of the tension force under applied beam 
load. This is evident from the results shown in Table 5.13 in which bolts in row T, and 
T2 were subjected to the highest tension force. T2 was observed to be under very similar 
but slightly less tension than T, in connections G and J. As the flush end-plate described 
in the previous paragraph, the lowest row T3 was used to sustain any compression force. 

In connection 1, larger tension forces were observed in T2. Rows T, and T2 are subjected 
to a larger bolt force when they were compared with the bolts force in the same rows of 
connection J. Due to the larger restraining forces provided by the adjacent beam in internal 

column, the bending of the connection was different. The larger bolt force in the upper 

row of connection I was thought due to increased bending in the top of the plate. Again, a 
higher force was sustained in row T, of the connection 1 (25 mm in thickness of plate) than 
in the connection G (20 mm) due to the higher moment attracted to connection with the 
thicker plate. 

5.7 Tests to Failure in Frame 1 

5.7.1 Test Observations 

To analyse the behaviour of the frame up to failure of the beams, three tests were con- 
ducted under applied beam load only. After taking the initial readings, loads were applied 
to all beams in small increments, and a scan was taken after each load step. The loading 
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histories of these tests are illustrated in Tables 5.14 to 5.16. In test 28, all the beams were 
loaded up to their design load and additional loads were then applied. At scan 32, the test 

was terminated although no failure had occurred but the maximum safe working capacity 
of the loading system was reached. The frame was then unloaded. 

As the frame had not been failed in test 28, test 29 was then conducted with the loads 

moved from the quarter and three-quarter points to the third and two-third points in beams 

5 and 6 in order that the failure load could be reduced as the beam loads were applied closer 
to the mid-span causing a more severe loading arrangement, thus reducing the total failure 
load of these beams. The change of the loading positions was performed only on the longer 

span beams. There were lower moment levels associated with the shorter spans with the 
flush end-plate connections. Therefore failure was attained only in the longer span beams 

with the extended end-plate connections. At scan 20 and at a recorded beam load of 259 
M, beam 5 failed without warning. The failure was due to weld fracture in the region of 
connections I and J. Loading of beam 5 was then reduced to a safe limit of about 180 kN 
(below dead plus imposed loads) and the test was continued with an increase of loads to 

the other beams. At scan 25 and a recorded beam load of 297 M, beam 6 failed without 

warning. A similar failure mode, a weld fracture in the region of connections K and L was 
observed. The applied load on beam 6 was then reduced to a safe limit of about 170 kN 
(below dead plus imposed loads) and loading was continued on beams 1,2,3 and 4 using 
the increments shown in Table 5.15. At scan 35, an error was observed in the reading of 
the load cell on one of the loading cables of beam 1, as it showed a large negative reading. 
Thus, no further readings of applied load in this beam were obtained. Fortunately, it had 

no great effect on the usefulness of this test. At scan 38, none of the other beams showed 

any sign of failure and it was thus decided to terminate the test. All beams were then 

unloaded. 

The unexpected mode of failure was due to the lack of adequate leg length of the weld 
in connections K and L (12 mm). An increase in the leg length of these welds to 20 mm 
was then adopted for the next frame in order to investigate the behaviour of beam failure. 

The revised residual Strength of the frame was determined in test 30. To reduce the 

applied load required to cause failure from the experience of the previous tests, the loads 

position were again moved from the quarter and three-quarter points to the third and two- 
third points in beams of the shorter spans (beams I to 3). Beams 1 to 3 were loaded to their 
design load plus a further seventeen increments beyond this condition. An additional load 

was then applied to beam 4 in order to induce additional moments into the shorter span's 
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side connections. An error in the applied beam load on beam I was found in test 30 due to 

a problem with one loading cable. In this test, a large value of recorded applied beam load 

observed on beam I which was due to the effect noted in the previous test. Thus it gave a 
larger value of reading, approximately 150 kN more than the actual value at the maximum 
applied load. Fortunately, it did not greatly influence the other results. After an additional 
load of 66 kN was applied to beam 4 in one increment in scan 29, it was apparent that this 
frame had a considerable reserve of strength in the short span beams and the failure load 

was above the capacity of the loading system. The target load of this test was reached and 
the frame was then unloaded. 

5.7.2 Bending Moment Distribution around the Frame 

To investigate the influence of semi-rigid action of the connections, the distribution 

of the bending moment around the frame is discussed. Figures 5.36 to 5.38 show the dis- 

tribution of bending moments in these three tests. In test 28, the moments at four levels 

of loads are plotted on the same figure in order to compare the distribution of the frame 

moment under different loading arrangements; scan number 10 which corresponds to dead 
load, run number 16 which corresponds to dead load plus imposed load, run number 23 

which corresponds to design load and run number 32, at which the maximum load was 

applied as shown in Figure 5.36. The corresponding load levels i. e. dead load, dead plus 
imposed loads and design load were selected for Test 29 as illustrated in Figure 5.37 with 
the addition of the runs at the failures of beams 5 and 6 and used to plot the distribution 

of frame moment diagrams. In test 30, the distributions of frame moments were plotted at 

runs 28 and 29 which correspond to very high loads applied in beams 1,2 and 3 and an 

additional load applied to beam 4 as shown in Figure 5.38. 

it is observed in Figure 5.36 that the net moments attracted by the connections were 
transferred into columns. The apparent out-of-balance at the beam-column intersection is 
due to the additional moment induced at the column centreline by the eccentricity of the 
beam end reaction. In Figure 5.37, the same form of moment distribution was observed 

around the frame up to the failure which occurred in beams 5 and 6 in Test 29. After failure 

of beam 5, no moment was sustained in Joint J due to the loss of the stiffness of connection 

after the failure of the weld in the connection. However, some moment was recorded at joint 
I due to either the restraint of the adjacent beam and column or an incomplete failure of 
this connection. As a result, more moment was transferred to the mid-span of this beam. 
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In test 30, the most interesting feature is the effect of moment distribution after ad- 
ditional load was applied to beam 4 (see Figure 5.38). It can be seen that larger moments 
were attracted to the connections at the ends of the shorter span due to the higher applied 
beam loads. Due to the beam load being applied at one side of the frame (beams 1,2 and 
3), the disturbing moments Ali Mb2 and MO which occurred at the internal column of 
the beam-to-column intersection were of the same sign (anti-dockwise). They were of the 

opposite sign to the moments in these three columns when compared with the previous 
tests. In tests 28 and 29, more loads were applied to the longer spans and thus a clockwise 
disturbing moment occurred in each internal column ýonnection. After additional load was 
applied to beam 4, a clockwise disturbing moment Mb4 occurred at the top of column 4. It 
has a slight effect on the connection moment in the beam at the other side of the column 
(Joint B). However, it decreased the moment at the column head. The plot of the major 
axis moment at the central columns illustrates the phenomenon of the disturbing moment 
in column 4 after the additional load was applied to beam 4 as presented in Figure 5.39. 

5.7.3 Deflected Shape of the Frame 

Figures 5.40 to 5.42 show the deflected shapes of the frame at various stages during 

these tests. For each test, the deflections at the various levels of load are plotted on the 

same diagram corresponding to the loading scans as described in previous section. Thus 

the changes of frame deflection under the different stages of applied loading can be observed. 

In Figure 5.41, the same deflected shape was recorded in test 29 (Figure 5.40) as was 
found in test 28 up to the failure which occurred in beams 5 and 6. After failure of beam 5, 

an apparent upwards deflection was recorded in this beam due to an error in the transducer 

reading. The bending moment distribution around the frame shown in Figure 5.37 provides 
further evidence of this error since there is no change of sign in the moments at connections 
I and J after failure occurred in this beam. Comparison with the deflections of the frame 
in test 28 up to the failure which occurred in beams 5 and 6 shows that larger deflections 

were recorded in beams 5 and 6 although less load was applied to these two beams due to 
the loading positions being at the more severe positions (third and two-third points rather 
than the quarter and three quarter locations). The column rotations at J increased after 
the failure of beam 5 due to the loss of stiffness of this joint. 

In Figure 5.42, significant deflections were recorded in the shorter beams only due to 
the application of loads to these beams only. Very small deflections were recorded in all 

V-18 



columns and the longer beams (except for scan 29 at which point a single increment of load 

was applied to beam 4) which caused a further moment (clockwise) to occur in the head of 
the central column 4. This not only decreased the column head moment but also decreased 

the central deflection of column 4. 

5.7.4 Load vs Moment Relationships in Beams 

Figures 5.43 and 5.44 show how the moments in beams 5 and 6 varied with load in 
test 28. The plots obtained for these two beams at the different locations are essentially 
linear until the connection moment reached 140 kNm in Joint I and 130 kNm in Joint L 
(the plastic capacity of beam Mp = 143 kNm was determined by Prescott [5.1] ). For 
Joints I and L, the curve then became non-linear with a smaller increase of moment with 
the corresponding increment of applied beam loads. Plastic hinges were formed adjacent to 
joints I, J and K when the maximum applied load was approached. 

Figures 5.45 to 5.46 show how the moments in beams 5 and 6 vary with load in test 
29. In Figure 5.45, a linear load characteristic was obtained up to the applied load of 230 
kN on beam 5. Plastic hinges were then formed at joints I and J. The failure of the joints 
by welding fracture of the connections without warning caused the sudden reduction of 
moments at Joints I and J with moment shed to the mid-span. Same phenomenon was ob. 
served in beam 6 with plastic hinges formed at joints K and L (Figure 5.46). The failure of 
joints by welding fracture of the connections without warning caused the sudden reduction 
of moments at Joints K and L. 

5.7.5 Load-Deflection Relationships in Beams 

Figure 5.47 shows the load deflection curves for all beams in test 28 in a single plot. 
Essentially linear load-deflection relationships were obtained for all beams except beams 
5 and 6 exhibited some nonlinearity at very high applied loads after 290 kN. The charac- 
teristics were then show a loss of stiffness of the beams and indicate that the connections 
were tending to failure under very high applied beam loads. However, this experiment was 
not continued to failure but was terminated due to the maximum safe capacity of loading 

system being reached. 

In test 29, the loading positions on beams 5 and 6 were moved from the quarter and 
three-quarter points to third and two-third points in order to reduce the load to cause 
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failure. The load deflection relationships of the beams are illustrated in Figures 5.48. Es- 

sentially linear load-deflection relationships are obtained initially for all beams before failure 

occurred in beams 5 and 6 although some indications of non-linearity can be seen just prior 
to failure. For beam 5, a linear characteristic was observed up to applied load of 240 kN 
followed by a non-linear curve. At applied load of 259 kN, on this beam, one connection sud- 
denly failed without warning and the effect is evident in this figure. A maximum mid-span 
deflection of 65 mm was observed in this beam. After applied load of 180 kN (scan 22), an 
unexpected upwards deflection was recorded in that beam due to an erroneous transducer 

reading as explained in section 5.7.3. The sign of the connection moments at Joints I and 
J did not change after failure, thus there was no change in the direction of deflection of 
this beam. It can be seen that there are sudden increases of deflection in beams 2 and 4 

which were due to the effect of the failure of beam S. After that a linear curve with a larger 
increasing rate of deflection was observed. Beam 6 also failed without warning at applied 
load of 297 kN due welding fracture at the connection. 

Due to this unexpected failure, a larger weld leg length was specified for all connec- 
tions designed for the next frame in order that the behaviour of true beam failure could be 
investigated. 

The load-deflection plots for beams 2 to 4 in test 30 are shown in Figure 5.49. The 

error in the output from the load cell of the loading cable was observed in beam I and 
the result is thus meaningless and will not be discussed. Beam 4 was subjected to a single 
increment of load about 66 kN between scans 28 and 29 which caused a deflection of about 
7 mm. Further increments of load on other beams did not influence the deflection of beam 4. 

5.8 Tests to Failure in Frame 

5.8.1 Test Observations 

Test 42 was used to investigate the behaviour of the frame up to failure in the non- 
sway mode. Due to the experience obtained from the frame 1, the loading positions were 
again moved from the quarter and three-quarter points to the third and two-third points 
in order to reduce the beam failure load and enable this frame to attain its full plastic 
capacity within the limitation of the loading cables. As for frame 1, no load was applied 
to any column. Thus only beam failure could be studied and a comparison of the results 
made with these from the first frame. Table 5.17 shows the load history for this test. After 
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taking the initial readings, loads were applied to a six beams in small increments to their 
full dead load (scan 10) and additional loads were applied to their dead plus imposed loads 
(scan 15). All the beams were then subjected to their design load (scan 23). Finally the 

maximum load was applied to the frame up to the failure of beams 5 and 6 (scan 32). The 
frame was then unloaded. Plastic hinges were found to have formed at both ends of beams 

5 and 6 near joints 1, J, K and L. The shedding of moment to the mid-spans of beams 5 and 
6 was a result of the plastic hinges near the beam ends. Thus a mechanism may have been 
developed if further load increments had been applied to these beams with plastic hinges 
forming in the mid-span region of the beams. However, as the safe capacity of the loading 

cable had been reached, no further loads were applied to beam and the frame was then 

unloaded. After the test, the top and middle bolts in the extended end-plate connection at 
joint I were found to have yielded. Figure 5.50 shows a single plot of the connection moment 
and the forces in bolts 1 to 4 (top and middle rows). The linear relationships existed up to 
the connection moment of 140 kNm in joint I. In the non-linear region, a large increase in 
the bolt force occurs for a small corresponding increase in moment. Failure was attained 
for these bolts at a maximum sustained moment of 143 kNm. Observations made after the 
test showed that significant deformation bad occurred in the end-plates of joints D and 1. 
Furthermore permanent mid-span deflections for beams 5 and 6 were recorded as 40 and 27 

mm respectively after the test. This provides evidence for the failure of beam. 

As in the first frame, test 43 was undertaken to examine the residual strength of the 

already failed frame and attempted to fail beam 4. This test again used the non-sway mode. 
Detail of the loading history of this test is illustrated in Table 5.18. Beams 1 and 4 were 
loaded to their dead load (scan 4) and additional loads were applied up to the dead plus 
imposed values in scan 5 and the frame was loaded to fail beam 4 which occurred at scan 
15 due to lateral-torsional buckling. The frame was then unloaded. 

5.8.2 Beam Moment Distribution around the Frame 

Figures 5.51 and 5.52 show the distribution of beam moments around the frame in tests 
42 and 43. In test 42, the moments at four levels of load, dead load (D. L. ) at scan 10, dead 

plus imposed loads (D. L. + L. L. ) at scan 15, design load (1.4 x D. L. + 1.6 x L. L. ) at scan 
23 and all six beams subjected to their maximum load (1.4 x D. L. + 2.3 x L. L. ) at scan 
32, are plotted on the same graph in order to compare the variation of beam moment at 
different locations and at various levels of loads for the frame test. From Figure 5.51 it can 
be seen that for the longer beams more moments were attracted to the connections with 
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the extended end-plates due to the stiffer connections adopted. These moments were then 
transferred to the columns. A complete picture of the strain distribution at all locations 
in the columns could not be determined due to the limitation of the logging system as 
described in section 5.2. 

In Figure 5.51, the moments in the connections and at the loading positions can be 

seen to increase with increasing applied loads for the first three levels of loading plotted. 
However, from scans 23 to 32, it can be observed that no change of moment occurred at 
joints I, J, K and L. This was due to the formation of plastic hinges near the connections 
at these locations at scan 23. 

Figure 5.52 shows the bending moment distribution on the beams at scans 4,5 and 
15 in test 43. Loads were applied to beams I and 4 in an attempt to fail beam 4. The 
distributions of beam moment are plotted at scan 4 which corresponds to dead load, scan 
number 5 which corresponds to dead plus imposed loads and scan number 15, at which 
beams I and 4 were under maximum applied load. In Figure 5.52, the moments at the end 
of the two beams and the loading points increased with the increasing of the applied load 
for the first two level of loads. Larger moments were attracted to beam 4 due to the longer 

span with extended end connections as discussed for test 42. A slightly smaller increase of 
moment at the mid-span of beam 4 was observed from the scan 5 to 15 due to the reduction 
of the strength of beam 4 under very high applied beam load. 

5.8.3 Deflected Shape of the Frame 

Figures 5.53 and 5.54 indicate the deflected shapes of frame in tests 42 and 43 with 
linear interpolation between points of measurement and nodes. The deflection at the four 
levels of load are plotted in the same figure and correspond to the loading scans described 
in section 5.8.2. 

In Figure 5.53, the mid-span deflections for beams and columns increased approxi- 
mately proportionally to the increase of the applied load for the first three levels of load. 
However, larger mid-span deflections of beams 5 and 6 were observed from scans 23 to 32, 

again due to the formation plastic hinges at the two ends of the beams. The larger increases 

of the central deflections in columns 5,6,8 and 9 were due to the effect of the failure of the 

connections. 



In Figure 5.54, it can be seen that the mid-span deflection of beam 4 increased steadily 
with the applied load for the first two level of loads, but then increased rapidly from scan 
5 to scan 15 due to the failure of this beam in lateral torsional buckling during the last 
loading increment. Larger corresponding increases of the central deflections in columns 4 

and 7 were due to the loss of restraint of the adjacent beam after the failure of beam 4. 

5.8.4 Relationship of Load-Moment in Beams 

Figures 5.55 and 5.56 show the load moment plots for beams 5 and 6 in test 42. For 

moderate loads, linear load moment relationships were obtained for all beams at the differ- 

ent locations. However, the relationships ceased to be linear as the formation of the plastic 
hinges at two ends of the beams near joints 1, J, K and L was approached. Subsequently, 

non-linear curves resulted with larger increases in applied beam loads for the corresponding 
increment of'moment due to the plastic hinges being formed at both ends of the beams 

near these joints. Corresponding nonlinearities occurred for other locations. The maximum 
moment sustained at ends K and L of beam 6 was recorded as 143 kNm. This was attained 
at an applied load of 225 kN for joint K causing a redistribution of bending moment with 
non-linearities in the relationships for the two loading points on beam 6- the more pro- 
nounced deviation occurring for the left hand load. The non-linearity is barely detectable 

at the right hand end joint L. It is evident from Figure 5.55 that plastic hinges occurred 
in beam 5 at the same level of moment - at the right hand end at a load of just over 230 
kN and at the left hand end at about 240 kN with consequent non-linearities in the plots 
for the applied load points. The plastic hinges may have been formed in the spans of these 
beams if further load increments bad been applied. However, as the limiting capacity of the 
loading cable had been reached, the frame was unloaded. 

Figures 5.57 and 5.58 show the corresponding load moment plots for beams I and 4 
in test 43. A linear relationship was obtained for beam 1 up to the maximum applied 
load. However, the relationship obtained for beam 4 was essentially linear up to the point 
at which the moment at joint G reached 143 kNm. After that, a slight reduction of rate 
of moment increase occurred at the left hand side of the loading point. At the stage of 
maximum applied beam load, a large reduction of moment occurred at the left hand side 
and this was due to the failure of beam 4. More moment was shed to the ends of the beam. 
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5.8.5 Relationship of Load-Deflection in Beams 

Figure 5.59 shows the load deflection plots for the six beams in test 42. A slightly 
irregular record of the deflection due to the applied beam loads was obtained in the early 
scans probably due to the taking up of slack in both specimens and loading devices. All 

the curves shown then followed a linear route up to high applied loads. Subsequently, 

the variation to non-linear curves, having larger increments of deflection for corresponding 
increases of the applied load, reflected a loss of stiffness due to the formation of hinges. 
This figure shows a linear response up to the maximum applied beam load for beam 1 in 

which the maximum mid-span deflection was recorded as 1.7 mm. Beams 2 to 4 show linear 

response up to applied beam loading of 150 kN for beams 2 and 3 and 190 kN for beam 
4. The relationships then varied non-linearly showing larger increases in deflection for the 

corresponding load increments. The maximum mid-span deflections were recorded as 4.2 

mrn for beam 2,3.5 mm for beam 3 and 27 mm for beam 4 when under maximum loads. 
In this figure, the response for beam 5 was linear up to an applied beam load of 250 kN. A 

non-linear response was obtained after that with the maximum mid-span deflection being 

recorded as 67 mm. A similar response was obtained for beam 6 and the linear relationship 
existing up to the record of applied beam load of 220 M. A non-linear response was then 

obtained up to the maximum applied load with the mid-span deflection reaching 60 mm. 
As explained in section 5.8.4, a non-linear curve resulted, with larger increases in applied 
beam load for the corresponding increment of mid-span deflection in beams 5 and 6 due to 
the plastic binges being formed at the ends of the two beams near the connections. The 

mid-span linear response limit and the maximum deflections were 25 mm to 67 mm for 
beam 5 respectively and 20 mrn to 60 mrn for beam 6. There was evidence of large plastic 
deformations in these two beams at maximum loads which suggested that plastic hinges 
bad formed at the two ends of these beams. 

Figure 5.60 shows the load deflection plots for beams I and 4 in test 43. This figure 

shows that for beam 2 the load deflection relationship is essentially linear up to the maxi- 
mum applied load for which only 2 mm mid-span deflection was recorded. Beam 4 showed 
a similar response having linear characteristics up to the recorded applied beam load of 220 
M. After that it becomes non-linear due to the plastic hinge formed in the beam end near 
joint G as explained in section 5.8.4 and showing a large increase in deflection from 27 mm 
to 57 mm. 
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5.9 Comparison of Response of Frames 1 and 2 in Tests to 

Failure 

Two full-scale frame tests undertaken by Hatfield Polytechnic have been examined by 

the author in this chapter. Due to the importance of the tests to failure for both frames, 

a comparison of the actual behaviour of the steel frames is made. In the initial tests to 
failure, test 29 in frame 1 and test 42 in frame 2, the maximum applied loads, connection 
moments at the mid-span and two ends and the mid-span deflections in beams 5 and 6 are 
compared. 

In test 29 of frame 1, beams 5 and 6 failed without warning at scans 20 and 26. They 
failed due to welding fracture in the region of the connections at joints 1, J, K and L. For 

test 42 in frame 2, plastic hinges were formed at the connections of joint 1, J, K and L at the 
two ends of beams 5 and 6. The shedding of moment to the mid-span and the permanent 
deformation of mid-span for these beams are evident. 

For test 30 of frame 1, the residual strength of the failed frame was tested with the 

maximum load applied to beams I to 3. After that beam 4 was subjected to applied load 
in one increment. Residual strength in the short span beams was observed, but the failure 

condition was above the capacity of the loading cables. For test 43 of frame 2, only beams 

I and 4 were loaded to try to fall beam 4. At scan 16, beam 4 failed in lateral torsional 
buckling indicating insufficient out of plane bracing. 

Table 5.19 shows the comparison of the moment and deflection at the selected positions 
in beams 5 and 6 under their dead plus imposed loads and failure. When'dead plus imposed 

loads was applied, the moment sustained was 124 kNrn and 120 kNm at joints I and J, 85 
kNrn at mid-span in test 29 and 120 kNrn and 126 kNrn at joints I and J, 75 kNrn at mid- 
span in test 42. Although pre-loaded bolts were used in the connections of test 42, there 

was little difference between the moment distributions in beam 5 for each of the tests. The 
deflection of beam 5 was recorded as 20 mm in test 29 and 19 mm. in test 42. Comparing 

the results for beam 6 in the two tests, it can be seen that the moment sustained at joints 
K and L was 116 kNrn and 112 kNm, 87 kNrn at mid-span in test 29 and 129 kNrn and 110 
Win at joints K and L, 75 kNrn at mid-span in test 42. The same mid-span deflection of 
20 mm. was recorded in tests 29 and 42 and showed that there was no significant difference 
in response between the pre-load bolts or hand-tightened bolts adopted in connections. At 

the failure load of beams 5 and 6, joints 1, J, K and L are all attained their plastic capacity 
with high moment in the mid-span of beam. 
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Table 5.20 shows the comparison with the applied beam loads, moments and deflections 

at the selected positions in beam 4. The maximum value of applied load was 66.1 kN in 

test 30 and 299.9 kN in test 43. Beams I to 4 were loaded in test 30 whilst only beams 
I and 4 were loaded in test 43. The applied load on the shorter span side provided larger 

restraint to the adjacent side, thus the mid-span deflection in beam 4 was reduced. From 
Table 5.20, the mid-span deflection was 7 mm in test 30 and 57 mrn in test 43. Clearly a 
comparison of values at these two levels of loading is relatively meaningless and so values 
corresponding to an applied beam load of 66.1 kN are given in parentheses for test 43 of 
frame 2. A recorded mid-span deflection in test 43 of 8 mm at the applied beam load of 
66.1 kN supports this point. At an applied beam load of 66.1 M, the moment at joints 
G and H were recorded as about 30 kNqi for both tests. However, the mid-span moment 
was recorded as 25 kNrn in test 30 whilst it was 30 kNm in test 43. A difference moment 
distribution around beam 4 occurred in the two tests due to the different loading arrange- 
ment which renders direct comparison of tests results at comparable load levels questionable. 

5.10 Concluding Remarks on the Study 

Frames 1 and 2 has been analysed and a comparison was made between the behaviour 

of the two frames. Seven types of the lack-of-fit were observed in connections in the tests. 
However preloading of the bolts bad the effect of making the behaviour repeatable and 
increasing the bolt force linearly from the start of loading, independent of bolt pre-load. 

The load applied to individual beams produced a larger mid-span deflection than when 

all beams were loaded together. This implied that the results determined from this loading 

arrangement should be considered for the beam deformation check in the serviceability limit 

state. 

Only the central deflection for each column was observed to be small which was due 

to the large column section adopted as the test was designed to investigate beam failure. 
In the unbraced condition, side sway displacement in the top storey of frame was reduced 
when the connection bolts were pre-loaded. 

Although end plates are usually considered to operate in shear only, the flush end-plates 
are seen to have significant stiffness and moment resistance and, as such, can be classified 
as semi-rigid. The moments at the beam ends are smaller than those suggested by a rigid 

V-26 



frame analysis and the beam deflections are significantly reduced when compared with the 

simply supported beam values. However, for the extended end-plate, the end moments are 

very close to the rigid moments and thus the extended end plate connections used could be 

regarded as 'rigid' and extended end-plate connection of these proportions are suitable for 

rigid design. 

In frame 1, there was significant non-linearity in some of the M-0 curves obtained which 
in part may be due to some lack of fit occurring in connections. With use of pre-loaded bolts 

used in connections in part of the tests of frame 2, the maximum stiffness was observed in 

the initial stage. Thus the deflection of the beams can be reduced by use of pre-loaded bolts 

in connections at low levels of load. It might be expected that the use of the pre-loaded 
bolts would lead to a larger connection stiffness which could be expected to attract more 
moment and also reduce the moment at mid-span, however, there was no significant differ- 

ence between the moment distribution at comparable higher load levels in beams 5 and 6 
found in test 29 of frame I (hand tight bolts) and test 42 of frame 2 (PTe-loaded bolts). 

An unexpected mode of failure the fracture, of welds in two connections occurred in 

frame 1. The leg length of weld was then increased from 12 mm to 20 mm for the sec- 

ond frame in order to avoid the connection failure. In frame 2, once plastic hinges had 

formed near the connections at the two ends of a beam, larger deformations occurred in the 

mid-span of beam for a given increment of load. Very high moment was sustained in the 

mid-span of beams. It is noted that loading applied to the shorter span beam provided a 
larger restraint to the adjacent longer span beam thus reducing the mid-span deflection in 

the longer span. 

The result of the frame tests are compared with the prediction of some in house finite 

element analysis program in chapter 8. New design methods will be developed and checked 
using all test results, as addressed in chapter 10. 
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Total Load per Beam (kN) 
Beam no. Coments 

1 2 and 3 4 5 and 6 
10.1 10.1 16.2 16.2 
20.2 20.2 32.3 32.3 
30.3 30.3 48.5 48.5 
40.4 40.4 64.6 64.6 
50.5 50.5 80.8 80.8 
60.6 60.6 96.9 96.9 
70.7 70.7 113.1 113.1 
80.8 80.8 129.2 129.2 Dead Load 
83.7 90.4 133.8 144.5 
86.5 99.9 138.3 159.7 
89.4 109.5 142.9 175.0 
92.2 119.0 147.4 190.2 Dead Load plus Live Load 
97.1 125.9 155.3 201.2 
102.0 132.8 163.2 212.3 
106.9 139.7 171.1 223.3 
111.8 146.6 179.0 234.4 
116.7 153.5 186.9 245.4 
121.6 160.0 194.8 256.5 
126.5 167 ,3 202.7 267.5 
1 1.4 174.2 210.6 278.0 Design Load 

Remark: 

Dead Load = 1.0 D. L. 

Dead Load plus Live Load = 1.0 D. L. + 1.0 L. L. 

Design Load = 1.4 D. L. + 1.6 L. L. 

Table 5.1 : Load Increments up to Design Load in Beams 



Test 
No. 

Mode Load 
Position 

loaded 
Beam No. 

Max. 
Load 

1 Non-sway 1/4 pts. All Low 
2 Sway 1/4 pts. 3,6 Low 
3 Sway 1/4 pts. All Low 
4 Sway 1/4 pts. x1l D. L. 
5 Sway 1/4 pts. 1,4,5 Low 
6 Sway 1/4 pts. 1,2,4 Low 
7 Sway 1/4 pts. 1,2,4,5 Low 
8 Sway 1/4 pts. 1,4,5 Low 
9 Sway 1/4 pts. All Low 
10 Sway 1/4 pts. All D. L. 
11 Non-sway 1/4 pts. All D. L. 
12 Non-sway 1/4 pts. All D. L. 
13 Sway 1/4 pts. All D. L. 
14 Sway 1/4 pts. I D. L. 
15 Sway 1/4 pts. 2 D. L. 
16 Sway 1/4 pts. 3 D. L. 
17 Sway 1/4 pts. 4 D. L. 
18 Sway 1/4 pts. 5 D. L. 
19 Sway 1/4 pts. 6 D. L. 
20 Sway 1/4 pts. All D. L. 
21 Sway 1/4 pts. All D. L. 
22 Sway 1/4 pts. All D. L. + L. L. 
23 Sway 1/4 pts. All D. L. + L. L. 
24 Non-sway 1/4 pts. All D. L. 
25 Non-sway 1/4 pts. All D. L. 
26 Non-sway 1/4 pts. All D. L. + L. L. 
27 Non-sway 1/4 pts. All Design 
28 Non-sway 1/4 pts. All Failure 
29 Non-sway 1/3 pts. All Failure 
30 Non-sway 1/3 pts. 1,2,3,4 

Table 5.2 : Description of Tests in Frame I 



Test 
No. 

Mode Load 
Position 

loaded 
Beam No. 

Max. 
Load 

Bolt 
Force 

-1 
Non-sway 1/4 pts. All D. L. Hand-tightened 

2 Non-sway 1/4 pts. All D. L. Hand-tightened 
3 , Non-sway 14 pts All D. L. + L. L. Hand-tightened 
4 Non-sway 1/4 pts. I D. L. Hand-tightened 
5 Non-sway 14 pts H 2 D. L. Hand-tightened 
6 Non-sway 74 pts. 3 D. L. Hand-tightened 
7 Non-sway 1/4 pts. 4 D. L. Hand-tightened 
8 Non-sway 1/4 pts. 5 D. L. Hand-tightened 
9 Non-sway 1/4 pts. 6 D. L. Hand-tightened 
10 Sway 1/4 pts. All D. L. Hand-tightened 
11 Sway 1/4 pts. All D. L. + L. L. Hand-tightened 
12 Sway 1/4 pts. 4 D. L. Hand-tightened 
13 Sway 

- 
1/4 pts. 

_ _ - 
All D. L. + L. L. Hand-tightened 

14 Sway 14 pts. T4 pt s. I D. L. Hand-tightened 
15 Sway 1/4 pts. 2 D. L. Hand-tightened 
16 Sway 1/4 pts. 

' 
3 D. L. Hand-tightened 

17 Sway IT4 pts. 4 D. L. Hand-tightened 
18 Sway 1/4 pts. 5 D. L. Hand-tightened 
19 Sway 1/4 pts. 6 D. L. Hand-tightened 
20 Sway 1/4 pts. 

- 
All D. L. Pre-loaded 

21 Sway I T4 pts. 
_ - 

All D. L. + L. L. Pre-loaded 
22 Sway T/ 4 pt s. All D. L. Pre-loaded 
23 Sway 1/4 pts. All D. L. + L. L. Pre-loaded 
24 Sway 1/4 pts. I D. L. Pre-loaded 
25 Sway 1/4 pts. 2 D. L. Pre-loaded 
26 Sway 1/4 pts. 3 D. L. Pre-loaded 
27 Sway 1/4 pts. 4 D. L. Pre-loaded 
28 Sway 1/4 pts. 5 D. L. Pre-17aded 
29 Sway 1/4 pts. 6 D. L. Pre-loaded 
30 Non-sway 1/4 pts. All D. L. Pre-loaded 
31 Non-sway 1/4 pts. All D. L. + L. L Pre-loaded 
32 Non-sway 1/4 pts. All D. L. Pre-loaded 
33 Non-sway 1/4 pts. All D. L. + L. L. Pre-loaded 
34 Non-sway 1/4 pts. I D. L. Pre-loaded 
35 Non-sway 174 pts. 2 D. L. Pre-loaded 
36 Non-sway 1/4 pts. 3 D. L. Pre-loaded 
37 Non-sway 1/4 pts. 

- 
4 D. L. Pre-loaded 

38 Non-sway IT4 p ts. 5 D. L. Pre-loaded 
39 Non-sway 1/4 pts. 6 D. L. Pre-loaded 
40 Sway 1/4 pts. All Design Pre-loaded 
41 Non-sway 1/4 pts., All Design Pre-loaded 
42 

- 
Non-sway 1/3 pts. All Failure Pre-loaded f43 

1 Non-sway 1/3 pts. 
_1,4 

Failure Pre-loaded 

Table 5.3 : Description of Tests on Rame 2 



Mid-Span Deflection of Beam (mm) 
Series Test 1 2 31 4 5 6 

1 10 2.1 1.9 1.5 14.3 9.7 10.1 
14 2.6 - - - - - 
15 - 2.4 - - - - 
16 - - 2.2 - - - 
17 - - - 13.3 - - 
18 - - - 11.3 - 
19 - - - - - 10.9 

2 32 1.3 1.8 1.2 10.9 8.5 9.1 
34 2.3 - - - - - 
35 - 2.3 - - 
36 - - 1.9 - 
37 - - - 12.2 - 
38 - - - - 10.3 - 
39 - - - - - 9.9 

(a) Mid-Span Deflection 

Total Applied Load on Beam ( kN) 
Series Test 1 21 3 4 5 6 

1 10 80.7 80.9 80.3 131.2 136.3 130.0 
14 81.0 - - - - - 
15 - 80.7 - 
16 - - 80.9 - 
17 - - - 131.0 - 
18 - - - - 136.8 - 
19 - - - - - - - 130.0 

2 32 80.6 80.8 ý1 
.6 131.5 135.6 129.6 

34 80.5 - - - - 
35 - 80.7 - 
36 - - 80.8 - 
37 - - - 131.1 - 
38 - - - - 136.3 - 
39 - - - - 130.1 

(b) Total Applied Beam Loads 

Table 5.4 : Total Applied Load and Deflection of Beams under Different 
Load Combinations 



Mome nt (kNm) 
Series Test Beam Left End Left Load Right Load Right End 

1 10 1 -16.24 20.44 19.84 -17.76 
2 -15.82 17.77 18.23 -18.31 
3 -16.06 17.78 10.14 -29.86 
4 -36.14 61.86 53.71 -49.99 
5 -65.29 37.28 39.03 -60.65 
6 -64.74 36.04 43.20 -48.93 

14 1 -10.61 26.92 25.47 -14.00 
15 2 -10.47 22.98 23.48 -12.56 
16 3 -15.85 20.40 20.45 -15.57 
17 4 -48.22 51.23 52.48 -46.26 
18 5 -57.97 42.70 41.66 -58.35 
19 6 -61.86 38.69 44.05 -49.04 

2 32 1 -11.63 19.54 6.00 -35.58 
2 -10.94 18.95 15.65 -23.07 
3 -15.40 16.25 5.74 -36.32 
4 -57.99 41.98 45.49 -50.76 
5 -60.84 37.88 31.65 -69.37 
6 -65.08 27.94 38.36 -54.02 

34 1 -11.22 24.73 21.68 -16.20 
35 2 -9.02 22.33 21.70 -15.21 
36 3 -18.14 17.38 17.67 -18.85 
37 4 -51.34 47.49 48.82 -47.93 
38 5 -57.01 42.28 37.38 -61.71 
39 6 -63.51 29.58 39.89 -52.41 

Table 5.5 : Beam Moment Distribution in Different Tests 



Frame Test Applied Load (kN) Mode Bolt Analysis 
1 23 D. L + L. L. Sway Hand-Tightened Moment Rotation 
1 28 Design Non-Sway Hand-Tightened Column Deflecton 

Moment Bolt Force 
Moment Rotation 

2 3 D. L. + L. L. Non-Sway Hand-Tightened Beam Moment 
+ Additional Beam Deflection 

2 11 D. L. + L. L. Sway Hand-Tightened Beam Moment 
Beam Deflection 

Sway Displacement 
2 21 D. L. + L. L. Sway Pre-Loaded Sway Displacement 
2 31 D. L. + L. L. Non-Sway Pre-Loaded Beam Deflection 

Moment Rotation 
2 40 Design Load Sway Pre-Loaded Beam Moment 

Beam Deflection 
Moment Rotation 

L 

Sway Displacement 
Moment Bolt Force 

2 41 Design Load Non-Sway Pre-Loaded Beam Moýment 

Table 5.6 : Tests Selected for Analysis 



Applied Test Moment (0) Rigid Frame Moment (kN) 
Test Beam Load 1 2 3 4 1 2 3 4 

3 1 94.9 -15.8 25.8 20.2 -26.6 -19.0 17.7 0.5 -53.4 
(Non-sway) 2 130.1 -18.9 32.5 26.4 -31.8 -35.4 20.4 7.8 -60.6 

(Hand- 3 129.8 -24.7 28.8 19.2 -41.1 29.4 22.9 3.9 -67.4 
tighteded 4 154.7 -. 44.9 70.0 60.9 1 -59.24 -87.3 35.1 44.0 -69.5 

Bolt) 5 217.5 -128.0 68.3 62.9 -98.2 -121.3 46.2 35.1 -44.0 
6 207.7 -93.1 61.2 66.5 -82.2 -118.1 44.5 53.1 -101.0 

11 1 92.3 -18.4 22.8 21.5 -21.5 -22.5 15.0 2.1 -48.5 
(Sway) 2 119.5 -22.4 26.8 25.4 -28.9 -39.1 15.3 10.0 -49.6 
(Hand- 3 120.0 -21.5 27.4 16.4 -41.6 -32.6 18.4 5.9 -57.4 

fighteded 4 149.9 -45.8 66.4 59.2 -57.0 -87.5 32.8 44.7 -63.6 
Bolt) 5 201.6 -94.5 55.8 5T6 -88.5 -116.3 41.0 32.8 -44.7 

6 192.1 -94.0 53.7 1 62.6 -73.5 -112.6 39.7 51.2 -89.5 
40 1 92.2 -16.9 20.8 8.8 -37.5 1 -22.7 15.0 2.5 -49.0 

(Sway) 2 119.5 -22.2 24.7 22.6 -32.4 -39.1 15.3 10.2 1 -49.4 
(Pre-loaded 3 120.3 -25.1 22.1 7.2 -54.2 -31.8 18.6 4.7 -59.6 

Bolt) 4 150.4 -72.3 44.7 52.9 -55.1 -87.8 32.8 44.8 -63.7 
5 201.7 -96.4 53.5 51.5 -94.1 -116.3 41.0 32.8 -44.8 
6 192.4 -108.0 37.1 58.0 -76.9 -118.2 43.8 51.0 -92.0 

41 1 92.7 -14.1 22.8 7.3 -41.6 -18.2 17.3 0.3 1 -52.2 
(Non-sway) 2 120.5 -17.9 27.5 21.1 -35.0 -32.7 18.5 7.1 1 -55.4 
(Pre-loaded 3 119.3 -24.5 23.6 11.6 -47.4 -27.2 21.2 3.6 -62. T 

Bolt) 4 151.1 -69.2 46.0 50.9 -58.6 -84.9 34.0 42.9 -67.1 
5 202.1 -89.9 56.4 49.4 -98.0 -112.3 42.9 34.0 -42.9 
6 192.6 -95.4 41.7 57.4 -79.6 -109.6 41.3 49.3 -9!. Lý 

Remark: (1) Left Joint 
(2) Left Loading Point 
(3) Rigbt Loading Point 
(4) Rigbt Joint 

(Moments in the applied beam load due to dead and imposed loads) 

Table 5.7: Comparison of Moment in Tests and Rigid Frame Moment 



Test Joint Type tP Moment 
(kNm) 

Rotation 
(mrad) 

Stiffness (kNm/mrad) 
Ci Cl. C. 

23 A F 12 17.06 1.15 22700 28400 12200 
B F 20 34.13 
c F 20 30.19 8.44 1600 5600 4300 
D F 20 39.19 3.90 10200 10200 11500 
E F 15 23.68 2.98 9800 9800 7900 
F F 20 38.24 6.38 5300 8800 10300 
G E 20 72.92 4.46 7800 21100 21100 
H E 20 59.83 - - - 
I E 25 142.75 3.55 49500 49500 45300 
i E 25 111.89 2.11 64300 88900 66300 
K E 25 116.50 2.31 41800 63600 51600 
L E 25 102.72 3.68 33900 33900 38700 

28 A F 12 19-06 - - - - 
B F 20 46.11 3.52 24100 24100 10500 
c F 20 32.95 4.05 4100 6000 5400 
D F 20 51.21 17.48 9900 9900 11100 
E F 15 25-56 2.91 9500 9500 8400 
F F 20 53.28 8.21 5200 9600 11200 
G E 20 94.49 5.61 8200 25100 25900 
H E 20 82.99 - - - 
I E 25 168.75 4.58 35300 41700 34300 
i E 25 164.45 3.71 28900 76500 64200 
K E 25 159.69 2.85 42600 42600 4722ý_ 

E 25 125.98 5.04 33000 33000 37900 j 

Remark: Test 23 - Sway, D. L. + L. L. 
Test 28 - Non-Sway, Failure 
F= Flush End-Plate 
E= Extended End-Plate 

Table 5.8 : Moment Rotation and Stiffness of Joints in Tests 23 
and 28 of Frame I 



Test II Joint Type tP Moment 
(kNm) 

Rotation 
(xlO-' rad) 

Stiffness (kNm/mrad) 
Ci I c", C. 

31 A F 12 13.75 1.15 5000 5000 
B F 20 41.05 - - - - 
c F 20 18.08 8.44 6700 9200 9000 
D F 20 32.80 3.90 18700 18700 18700 
E F 15 24.26 2.98 60000 - 37820 
F F 20 53.06 6.38 69200 69200 14600 
G E 20 69.51 4.46 - - - 
H Z- 20 1 57.50 80000 1 
I E 25 90.77 3.55 28500 30500 33200 
i E 25 99.35 2.11 64500 64500 56800 
K E 25 95.96 2.31 66000 66000 61400 
L E 25 79.11 3.68 30000 30000 28200 

40 A F 12 18.68 5.82 8000 8000 8700 
B F 20 55.48 0.17 _ - - - 
c F 20 31.04 3.46 6700 13200 12000 
D F 20 34.88 4.14 22400 22400 12000 
E F 15 35.40 8.98 55200 55200 24500 
F F 20 58.12 4.15 75000 75000 14900 
G E 20 - - - - - 
H E 20 61.34 1.38 61900 
1 E 25 143.00 0.52 - 
i E 25 143.00 4.57 60600 60600 61100 
K E 25 143.00 4.50 61000 61000 33800 
L E 25 111-00 5.12 26600 32300 29800 

Remark: Test 31 - Non-sway, D. L. + L. L. 
Test 40 - Sway, 1.4 D. L. + 1.6 L. L. 
F= Flush End-Plate 
E= Extended End-Plate 

Table 5.9 : Joint Moment Rotation and Stiffness of Joints in Tests 31 
40 of Frame 2 



Applied Mid-span De flection (mm) Ratio 
Test Beam Load Test Rigid Pinned (1)/(2) (3)/(1) 

(kN) (1) (2) (3) 
3 1 94.9 2.3 1.9 5.5 1.20 2.39 

(Non-sway) 2 130.1 3.1 2.2 7.6 1.41 2.45 
(Hand-tightened 3 129.8 2.6 1.7 7.6 1.54 2.92 

Bolt) 4 154.7 16.6 11.4 36.9 1.45 2.22 
5 217.5 17.1 12.9 51.9 1.33 3.04 
6 207.7 16.8 12.9 49.5 1.30 2.95 

11 1 92.3 2.3 1.8 5.4 1.22 2.35 
(Sway) 2 119.5 2.7 2.0 7.0 1.35 2.59 

(Hand-tightened 3 120.0 2.3 1.6 7.0 1.43 3.04- 
Bolt) 4 149.9 16.0 11.3 35.8 1.41 2.24 

5 201.6 14.5 12.0 48.1 1.20 3.31 
6 192.1 14.7 12.0 45.9 1.22 3.12 

31 1 92.4 1.6 1.8 5.4 0.88 3.38 
(Non-sway) 2 119.3 2.6 2.0 7.0 1.30 2.69 
(Pre-loaded 3 120.1 1.7 1.6 7.0 1.06 4.12 

Bolt) 4 150.2 12.1 11.2 35.8 1.08 2.96 
5 201.7 13.0 11.9 48.1 1.09 3.70 
6 192.8 13.3 1 11.9 45.9 1.12 3.45 

40 1 92.2 1.5 1.8 5.4 0.83 3.60 
(Sway) 2 119.5 2.5 2.0 7.0 1.25 2.80 

(Pre-loaded 3 120.3 1.6 1.6 7.0 1.00 4.38 
Bolt) 4 150.4 12.2 11.3 35.8 1.08 2.93 

5 201.7 13.1 12.0 48.1 1.09 3.67 
6 192.4 13.4- 12.0 45.9 1.11 3.43_1 

(Results in the applied beam load of dead plus imposed loads) 

Table 5.10 : Comparison Deflection in Tests and Predicted Results 



Column Mid-Height Deflection (mm) 
1 0.1 
2 0.1 
3 0.5 
4 0.4 
5 0.1 
6 2.1 
7 0.9 
8 0.3 
9 1.3 

Table 5.11 : Mid-Height Deflection of Columns in Test 28 of Frame 1 

Test Joint Maximum Sway Remarks 
(mm) 

11 H 6.60 
1 0.76 hand tightened, D. L. + L. L. 
L -0.26 

21 H 5* 25 
1 1.40 preloaded, D. L. + L. L. 
L 0.56 

40 H 6.22 
1.26 preloaded, 1.4 D. L. + 1.6 L. L. 

L -1.27 

Table 5.12 : Sway Displacement between Three Joints in Tests of Frame 2 



Maximum Load (kN) 
Connection Thickness 

(mm) 
Row Bolt Frame I 

Test 28 
Frame 2 
Test 40 

A 12 1 1 16.6 38.4 
1 2 14.8 33.4 

(FEP) 2 3 -0.7 3.8 
2 4 -1.6 6.3 
3 5 -5.8 8.8 
3 6 2.6 8.0 

C 20 1 1 40.0 53.6 
1 2 15.0 39.6 

(FEP) 2 3 -2.0 -0.5 
2 4 -5.4 3.1 
3 5 -8.0 -2.4 
3 6 -17.0 0.1 

E 15 1 1 47.5 4.8 
1 2 72.5 8.2 

(FEP) 2 3 14.2 0.9 
2 4 5.3 1.4 
3 5 5.0 0.3 
3 6 4.9 0.3 

20 1 3 89.0 2.7 
1 4 104.0 18.6 

(EEP) 2 1 70.0 1.5 
2 2 94.0 17.4 
3 5 -16.0 -33.0 
3 6 -9.4 -58.7 

1 25 1 3 147.0 154.0 
1 4 139.0 70.5 

(EEP) 2 1 142.0 350.0 
2 2 127.0 209.0 
3 5 1.6 2.7 
3 6 4.1 2.2 

3 25 1 3 147.5 35.5 
1 4 139.0 46.0 

(EEP) 2 1 115.0 39.5 
2 2 95.0 45.0 
3 5 -3.0 -2.8 
3 6 1 -12.7 -21.5 

Table 5.13 : Maximum Loads for Bolts in Two Tests 



APPLIED LOAD (kN) 
SCAN BEAM I BEAM 2 BEAM 3 BEAM 4 BEAM 5 BEAM 6 

1 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 
3 9.8 10.1 9.3 16.2 16.4 16.8 
4 19.9 20.3 19.2 32.5 32.7 33.2 
5 30.2 30.6 29.4 49.0 49.3 49.8 
6 40.4 40.8 39.5 65.5 65.9 66.5 
7 50.7 51.2 49.7 80.1 82.4 83.1 
8 60.9 61.4 59.7 98.6 99.0 99.7 
9 71.3 71.8 70.0 115.1 115.6 116.3 
10 81.4 82.0 80.0 131.7 132.4 132.9 
11 84.4 91.8 89.7 136.3 148.0 148.6 
12 87.3 101.5 99.3 140.7 163.7 164.1 
13 90.1 111.2 108.8 145.4 179A 179.7 
14 93.0 120.9 118.3 150.1 194.9 195.4 
15 93.0 120.9 118.2 150.1 194.9 195.2 
16 98.0 128.1 125.5 158.2 206A 206.7 
17 103.0 135.3 132.5 166.2 217.6 217.9 
18 108.0 142.2 139.5 174.2 229.0 229.1 
19 113.0 149.2 146.2 182.4 240A 240.5 
20 117.9 156.2 153.3 190.5 251.8 251.8 
21 122.9 163.4 160.3 198.4 263.0 263.1 
22 127.9 170.3 167.3 206.5 274.4 274.4 
23 132.9 177.5 174.2 214.5 285.6 285.6 
24 134.0 181.3 178.1 216.4 292.0 291.8 
25 135.1 185.3 182.0 218.2 298.3 298.1 
26 136.2 189.0 185.7 220.0 304.6 308.0 
27 137A 193.0 189.8 221.0 310.7 314.1 
28 137.4 193.0 189.6 221.0 310.7 314.0 
29 138.5 196.9 193.5 222.7 317.1 320.3 
30 138.5 197.0 193.5 222.8 317.1 320.3 
31 139.7 200.7 197.2 224.6 323A 326.5 
32 139.6 200.7 197.2 224.6 323.5 326.7 
33 137.3 193.2 189.8 221.1 310.9 313.8 
34 135.1 185.5 182.3 218.5 298A 297.6 
35 132.8 177.8 174.8 214.8 285.8 285.1 
36 122.9 163.7 160.6 198.9 263.3 262.5 
37 113.1 149.5 146.6 182.9 240.6 239.8 
38 103.1 135.6 132.8 166.7 217.9 217.1 
39 93.2 121.3 118.6 150.7 195.3 194.6 
40 87.4 101.9 99.5 141.4 163.9 163.3 
41 81.6 82.3 80.2 132.2 132.6 132.1 
42 61.0 61.7 59.8 99.1 99.3 99.0 
43 40.5 41.1 39.6 65.9 66.0 65.9 
44 19.9 20.5 1 19.3 32.7 32.8 32.8 
45 1.0 0.3 1.4 0.0 1.2 0.3 

Table 5.14 : Load History of name 1 Test 28 



APPLIED LOAD (kN) 
SCAN -BEAM I BEAM 2 BEAM 3 BEAM 4 BEAM 5 BEA 6 

1 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 
3 10.0 9.5 10.0 16.6 16.8 16.2 
4 20.1 19.6 19.8 32.8 33.6 32.4 
5 30.4 30.0 29.9 49.4 50.7 49.0 
6 40.7 40.2 40.0 -65.9 67.8 65.6 
7 51.0 50.6 50.1 82.5 85.0 82.2 
8 61.1 60.8 60.2 99.1 102.1 98.8 
9 71.5 71.2 70.5 115.6 119.0 115.4 
10 81.8 81.4 80.6 132.2 136.1 132.0 
11 84.7 91.3 90.2 136.8 152.2 147.6 
12 87.7 101.0 99.8 141.3 168.2 163.1 
13 90.5 110.6 109.3 146.0 184.3 178.6 
14 93.4 120.4 118.9 150.8 200.5 194.3 
15 98.3 127.6 126.0 158.9 212.3 205.7 
16 103.3 134.8 133.1 166.8 223.8 216.8 
17 108.3 141.7 140.0 174.9 235.3 228.1 
18 113.2 148.7 146.9 183.0 247.0 239.4 
19 113.2 148.7 146.8 183.0 247.1 239.0 
20 118.1 155.7 153.6 191.1 258.6 250.6 
21 123.2 162.9 160.9 198.8 186.4 261.9 
22 128.2 169.9 167.7 207.0 179.8 273.2 
23 133.3 177.1 174.8 214.9 179.3 284.2 
24 134.2 180.8 178.5 216.9 178.9 290.5 
25 135.5 184.7 182.5 218.7 178.7 296.8 
26 136.5 188.5 185.8 220.5 176.9 182.5 
27 142.3 196.9 194.5 230.2 176.4 166.9 
28 148.8 205.7 203.0 240.3 176A 166.6 
29 155.0 214.3 211.5 250.6 176.5 166.4 
30 168.0 232.1 229.0 271.2 176.4 166.1 
31 180.7 249.7 246.3 291.8 176.3 165.8 
32 193.3 267.5 263.9 315.9 175.9 165.4 
33 96.9 267.7 264.0 315.8 175.5 165.1 
34 99.1 267.7 264.0 315.9 175.4 165.0 
35 - 267.8 264.0 316.0 175.2 164.9 
36 267.8 263.9 316.0 175.1 164.8 
37 267.8 263.9 316.1 175.2 164.8 
38 - 267.8 263.8 316.1 175.3 164.8 
39 - 232.7 229.5 272.1 174.9 165.0 
40 - 197.6 194.9 231.3 174.6 165.2 
41 - 1855 ' 182.8 219.8 174.5 165.3 
42 

;1 

-iR 
175.1 215.9 174A 165.3 

Table 5.15 : Load History of Frame 1 Test 29 



APPLIED ED OAD (kN 
SCAN BEAM I BEAM 2 BEAM 3 BEAM 4 BEAM 5 BEAM 6 

1 0.0 0.0 0.0 _ 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 
3 91.6 20.0 20.5 0.3 -0.1 -0.3 4 99.1 40.7 40.7 0.3 -0.1 -0.5 5 86.0 61.3 61.0 0.3 -0.1 -0.6 6 99.5 82.0 81.3 0.4 -0.1 -0.7 7 147.6 101.6 100.5 0.4 -0.1 -0.7 8 216.4 121.0 119.6 0.4 -0.1 -0.7 
9 129.8 135.4 133.6 0.4 -0.1 -0.8 10 139.1 149.4 147.5 0.4 -0.1 -0.8 11 258.8 163.5 161.4 0.4 -0.1 -0.8 12 174.8 177.6 175.2 0.4 -0.1 -0.8 13 290.1 185.3 183.0 0.3 -0.1 -0.8 14 209.4 193.3 190.7 0.4 -0.1 -0.8 15 299.0 201.0 198.6 0.4 -0.1 -0.8 16 305.6 209.0 206.2 0.3 -0.1 -0.8 17 289.6 216.6 214.0 0.4 -0.1 -0.8 18 225.8 224.5 221.7 0.4 -0.1 -0.8 19 230.8 232.3 229.2 0.4 -0.1 -0.8 

20 205.8 240.1 237.0 0.4 -0.1 -0.8 
21 311.7 247.9 244.7 0.4 -0.1 -0.8 
22 257.1 255.7 252.3 0.3 0.0 -0.8 23 275.7 263.6 260.2 0.3 -O. l -0.9 
24 304.3 271.3 267.6 0.4 - 0.0 -0.8 25 218.9 279.3 275.7 0.4 - 0.0 -0.9 
26 305.1 287.0 283.1 0.4 0.0 -0.8 27 270.8 294.9 291.1 0.4 0.0 : 0.8 
28 353.7 306.3 298.4 0.4 0.0 -0.8 29 241.9 306.4 298.2 66.1 0.0 -1.0 30 186.1 306.4 298.2 1.1 -0.1 -0.6 31 234.4 271.9 268.1 0.9 -091 -0.6 32 280.5 240.8 234.5 0.8 -0.1 -0.6 33 216.4 209.6 108.1 0.8 -0.1 -0.6 34 218.7 178.3 175.9 0.8 -0.1 -0.6 35 -22.6 150.2 52.2 0.7 -0.1 -0.5 36 56.5 121.7 -4.5 0.7 -0.1 -0.5 37 102.9 82.7 -107.0 0.9 -0.1 -0.4 38 252.7 41.3 

1 

-92.9 0.8 -0.1 -0.2 L--L9- 151.9 0.4 0.1 0.2 

Table 5.16 : Load History of Frame 1 Test 30 



APPLIED LOAD (kN) 
SCAN BEAM I BEAM 2 BEAM 3 BEAM 4 BEAM 5 BEAM 6 REMARK 

1 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 
3 9.6 9.2 9.6 16.1 16.9 12.9 
4 19.6 19.3 19.5 32.4 33.7 29.3 
5 29.9 29.6 29.7 49.0 51.0 46.1 
6 40.0 39.8 39.8 65.5 68.2 62.9 
7 50.2 50.1 50.0 82.1 85.4 79.6 
8 60.3 60.3 60.2 98.7 102.6 96.2 
9 70.5 70.6 70.5 115.3 119.7 112.7 
10 80.6 80.8 80.7 131.8 136.9 129.3 D. 
11 83.5 90.6 90.4 136.5 153.1 144.9 
12 86.4 100.3 100.1 141.0 169.1 160.3 
13 89.1 109.9 109.6 145.7 185.3 175.9 
14 92.0 119.6 119.1 150.4 201.6 191.5 
15 92.0 119.7 119.1 150.5 201.9 191.4 D. L. + L. L. 
16 97.0 126.8 126.2 158.6 213.6 202.9 
17 102.0 134.0 133A 166.5 225.1 214.0 
18 106.9 140.9 140.4 174.6 236.4 225.3 
19 111.8 148.0 147A 182.8 248.1 236.6 
20 116.5 155.0 154.4 191.0 259.9 247.9 
21 121.4 162.1 161.5 198.9 271.6 259.2 
22 126.2 169.1 168.5 207.0 283.3 270.5 
23 131.2 176.3 175.6 215.0 294.8 281.7 DESIGN 
24 132.3 180.1 179.3 21751 301.3 287.9 
25 133.4 184.1 183.2 218.8 307.8 294.1 
26 134.5 187.8 186.9 220.7 314.8 300.4 
27 135.4 191.8 190.7 221.6 321.1 306.5 
28 136.6 195.7 194.6 223.5 327.5 316.3 
29 137.7 199.4 198.3 225.2 333.8 322.4 
30 138.9 203.4 202.2 227.0 343.8 328.6 
31 139.8 207.4 206.1 229.0 350.0 334.8 
32 139.8 207.4 206.0 229.0 349.9 334.8 FAILURE 
33 135.3 191.9 190.3 221.7 320.2 306.0 
34 130.9 176.6 174.8 215.4 294.3 280.9 
35 111.3 148.5 147.1 183.3 247.5 235.5 
36 91.4 120.4 119.0 151.1 200.7 190.4 
37 _ 79.9 81.6 80.2 132.5 136.0 128.3 
38 39.5 40.6 39.6 66.1 67.6 62.2 
39 0.1 1.4 1.9 4.3, 4.8 

__J _ 
2.3 

Table 5.17 : Load History of Frame 2 Test 42 



APPLIED LOAD (kN) 
SCAN BEAM I BEAM 2 BEAM 3 BEAM 4 BEAM 5 BEAM 6' REMARK 
_ 1 0.0 0.0 0.0 0.0 0.0 0.0 

2 0.0 0.0 0.0 0.0 0.0 0.0 
3 39.8 0.6 0.1 65.4 0.9 -0.4 
4 80.4 0.5 0.1 131.8 1.2 -0.4 D. L. 
5 118.8 0.4 0.0 194.5 1.3 . 0.6 D. L. + L. L. 
6 125.8 0.5 -0.1 205.9 1.2 -0.6 
7 132.8 0.4 -0.2 217.2 1.1 -0.6 
8 139.6 0.4 -0.3 228.6 1.1 -0.6 
9 146.4 0.4 -0.2 240.0 1.1 -0.7 
10 153.1 0.4 -0.3 251.4 1.1 -0.7 
11 160.2 0.4 -0.4 262.8 1.1 -0.8 
12 167.0 0.4 -0.3 274.2 1.1 -0.8 
13 174.0 0.4 -0.3 285.4 1.1 -0.8 
14 180.8 0.5 -0.3 296.9 1.1 -0.8 
15 187.5 0.5 -0.3 299.9 1.0 -0.7 FAILURE 
16 145.6 0.9 0.1 240.6 0.6 -0.2 
17 117.7 1.1 0.1 195.5 0.3 
18 79.4 1.1 0.2 133.2 0.1 0.6 
19 39.3 1.1 

- 
0.3 

- 
67.4 7.3 1.2 

20 1.6 l. T j 0.3 1 15.1 1 0.2 1 0.9 

Table 5.18 : Load History of Frame 2 Test 43 



Beam Loading Moment (kNm) Mid-Span 
no. Left End Mid-Span Right End Deflection (mm) 

Frame 1 5 D. L + L. L. 124 85 120 20 
(Test 29) Failure 143 125 143 28 

6 DI + L. L. 116 87 112 21 
Failure 143 140 143. 38 

Frame 2 5 DI + L. L. 120 75 126 19 
(Test 42) Failure 143 160 143 67 

6 F D. L + L. L. 129 75 110 21 
Failure 143 135 143 60 

Table 5.19 : Comparison of the Results in Test to Failure 
for Frames I and 2 

Moment (kNm) Mid-Span Applied Beam 
Joint G Mid-Span Joint H Deflection (mm) Load (kN) 

Frame 1 
(Test 30 

30 25 28 7 66.1 

Frame 2 
(Test 43) 

143 
(36) 

125 
(30) 

143 
(30) 

57 
(8) 

229.0 
(66.1) 

() data from the applied beam load of 66.1 kN 

Table 5.20 : Comparison of the Results from Beam 4 in 
Test to Residual Strength of Frames I and 2 
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Figure 5.1 : Frame I viewed towards the Balcony 
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Figure 5.2 : General Arrangement of Frames I and 2 
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Figure 5.4 - Stiffeners located in a Column near Connection at Beam 
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Figure 5.25 : Moment against Bolt Forces at Joint C for Test 28 of Frame I 



-9 
2i 
as 

26. 

24. 

22. 

201 

18 
, 

6-- 

4 

21 

0. 

MOMENT vs BOLT FORCE 

2 
Force 

34 
(kN) 

Frame I Test 28 

f 
x 

JOINT E (BOLT i) 
JOINT E (BOLT 2) 
JOINT E (BOLT 3) 
JOINT E (BOLT 4) 
JOINT E (BOLT 5) 
JOINT E (BOLT 6) 

'r- I 

x1o, 

E 

Figure 5.26: Moment against Bolt Forces at Joint E for Test 28 of Frame I 

x1o, 
to- 

MOMENT vs BOLT FORCE Frame I Test 2B 

JOINT G (BOLT 1) 
JOINT G (BOLT 2) 
JOINT G (BOLT 3) 
JOINT G (BOLT 4) 
JOINT G (BOLT 5) 
JOINT G (BOLT 6) 

(kN) 
to 
xio, 

Figure 5.27 : Moment against Bolt Forces at Joint G for Test 28 of Frame I 
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Figure 5.29 : Moment against Bolt Forces at Joint J for Test 28 of Frame I 
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Chapter 6 

Behaviour of Two Frames with 
Flange Cleat Connections 

6.1 Introduction 

This chapter investigates the behaviour of two full scale frames, designed by the Uni- 

versity of Sheffield and tested at the Building Research Establishment in 1986. Both frames 

incorporated flange cleat connections between the beams and columns, connections which 
lie towards the centre of the semi-rigid stiffness spectrum. The objective of the two frame 

tests was to investigate the overall behaviour of structures, concentrating specifically on the 

capacity of the columns under non-sway conditions and comparing the response of columns 
buckling about their major and minor axes [6.1]. In this chapter, the frame is introduced 

briefly and then the specimens and test set up are described. The tests to failure are anal- 

ysed in detail and the moment rotation characteristics of the joints are discussed. 

6.2 Test Configuration 

The Sheffield frames, shown in Figures 6.1 and 6.2, were three storey structures of ap- 

proximate overall dimension 10 m wide x 11 m high which represents the maximum frame 

size which could be tested conveniently in the laboratory at BRE. Figures 6.3 and 6.4 show 
the general arrangement of the two frames when viewed from the balcony whilst the pre- 
ceding photographs view towards the balcony. A suitable storey height for this frame was 
assessed to be 3.6 m, a figure selected as being representative of current building practice. 
Two equal bay widths were adopted with beam spans of 5m and the beams were designed 

to frame into the column flanges in frame 3 and column webs in frame 4. Thus a comparison 
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of the behaviour was obtained for different column orientations. 

Both frames were constructed using 152 x 152 UC 23 sections for the columns and 
254 x 102 UB 22 sections for the beams. All steel was nominally grade 43A throughout. 
As the principal aim of the work was to examine the effect of the inherent, but usually 
neglected, stiffness of 'simple' connections the flange cleat type of connection was selected 
as being in the centre of the semi-rigid stiffness spectrum. At the time, seat and top cleats 
was, according to a survey [6.1,6.2], quite widely used in steel frame construction, often 
because of the usefulness of the seat cleat and the inherent tolerance on dimensional accu- 
racy during erection. Figure 6.5 illustrates the flange cleat adopted in the connection of 
this frame. At the present time, header plates and tab plates have overtaken it in popularity. 

All bolts were M16 grade 4.6 and were symmetrically tightened from 80 N. m to 160 
N. m in 40 N. rn increments. The method of assembly, though different from that in prac- 
tice, should not significantly affect the resulting moment rotation curves because the bottom 

cleat was fixed tightly to the beam flange before bolting the cleat to the column, thus en- 

suring good contact between the cleat and the beam flange. All the columns had a 'fixed' 

base detail with heavy base plates bolted to the laboratory floor through the existing grid 

of holes spaced at 381 mrn centres. 

The two Sheffield frames had no stiffeners in the column, unlike the two Hatfield frames 

which had stiffened column joints using conventional horizontal stiffeners positioned directly 
in line with the connected beam flanges (see Figure 5.4). The two Sheffield frames were 
tested in-plane and in a non-sway condition. Bracing was used to prevent both out-of-plane 
buckling of members and lateral displacement of the frame. The nodes of the right-hand 

column were braced to the adjacent balcony (see Figure 4.5). As for the two Hatfield frames, 

stiffeners were used at the loading points in all beams (see Figure 5.4) in order to prevent 
web buckling due to the applied loads. 

Both Sheffield frames were designed to BS 5950 Part 1: 1985 [6.3] and BS 449 Part 2 
1969 [6.4). The calculations were used to determine an appropriate level of beam loading, 

to ensure that the selected beam section would sustain this load neglecting joint stiffness 
and to estimate the 'design' capacity of the columns. Two points loads were applied at 
the quarter and three-quarter points of the beam in these tests as previously explained in 

section 5.2 for the Hatfield frames. 

Each beam was loaded at its quarter and three-quarter points using a loading system 
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similar to that described in chapter 4. Two important effects of connection behaviour on 
columns are moment transfer and end-restraint. Both of these effects have been studied by 
Nethercot [6.5], who concluded that different forms of column behaviour could be attained 
by changing the sequence of loading. Two loading cases investigated were axial column 
load only and beam load applied first, followed by axial load to failure. His study showed 
that when the beams are loaded first these loads induce end-rotations, which takes up much 
of the initial stiff portion of the connection M-ý curves with the result that the effects of 
a change in connection type are more pronounced. For this reason, the beam load was 
applied whilst load was applied in increments to a pre-determined value after which column 
loads were applied to failure using displacement to control the hydraulic system. A detailed 
description of the loading arrangement in the frame tests is given in chapter 4. Table 6.1 

summarises the load levels applied to the beams up to their design loads. The data logging 

and storage system is explained in chapter 4. A detailed description of the instrumentation 
is recorded in the reference (6.6]. 

6.3 Test Programme of Frames 3 and 4 

The tests can be divided into 3 stages; preliminary tests, tests to failure and calibration 
tests. In this chapter, only the tests to failure of frames 3 and 4 are discussed and a detailed 

checking of the preliminary tests and calibration tests was reported in progress report nos 
6 and 7 [6.7,6.8]. 

During a preliminary test in frame 3, an accidental failure of the upper storey of the 
left hand edge column (viewed from balcony) occurred due to an inadvertent overload. The 

failed part of the column and the beam connected to it were removed. Fortunately, it was 
found that [6.9] the failure had not affected the frame other than the two members removed. 

6.4 Tests to Failure - Frame 3 

6.4.1 Test Observations 

Test 2 was used to investigate the behaviour of the frame up to the failure of both full 
height columns in the non-sway mode under a combination of beam and column loads. Two 
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scans of readings were taken at zero load (one with the hydraulic pump off and one with the 

pump on) and at a beam loading of 60 kN on beams 2,3,4 and 6. All five beams were then 
loaded to their full dead load in small increments. Beams 2,3,4 and 6 were then loaded to 

their full design load with the load on beam 5 remaining at its dead load value. Table 6.2 

summarises the load levels applied to the beams at each scan. After the applied beam load 

phase, all of the connections around the frame were inspected for signs of distress. During 

the beam loading phase, a few audible slips were observed in the connections, but none were 
dramatic or unduly affected the frame. Additional loads were then added to the columns 

at heads of positions 2 and 3. Displacement rather than load was employed to control the 
hydraulic system used to apply the axial deformation to the column. This gave greater 

control in the region of failure and, consequently, enhanced safety. Two full height columns 

were loaded to about 250 kN in five increments. The column in position 2 was then loaded 

up to failure. Further load increments were required to fail the edge column primarily be- 

cause a lower load was transferred into the edge column from the adjacent beams than was 

applied to the central column. After failure of the columns in positions 2 and 3, the axial 
loads applied to the columns were released and all the beam loads were then reduced to 

about 53 kN before all loading was removed from the frame. An examination of the strain 

gauges indicated failure by instability in the upper storey of the central column and lowest 

storey of the edge column. 

6.4.2 Problem in the Applied Column Loads 

After the test, a problem associated with the computed column axial loads was discov- 

ered since both sets of load cells implied higher applied axial loads in two columns than the 

axial loads obtained from the strain gauges. A discrepancy up to 7% of the column load 

was observed. 

From a BRE report [6.10], the calibration figures were amended to take account of 
the difference in voltage used in the calibration and frame test i. e. 6v was used in the 

calibration test and 10v in the frame test - so the calibration factor used in the frame test 

should be divided by 1.67. When the uncorrected calibration factor was adopted, the com- 

puted column loads were larger than those which actually occurred in reality. The incorrect 

applied column loads were recorded in the data logger. Table 6.2 presents the uncorrected 

applied column loads obtained in test 2. 

To overcome this problem, three methods are considered by the author. The first 

VI-4 



method is to use a simple correction factor as mentioned above which is the ratio of the 

calibration factor in each loading cable between the true value and the uncorrected value 

used in the test. Thus, the correction factor changes the recorded value of the applied 

column load to the corrected value. The second method uses the axial load in the upper 

storey of columns, predicted by the strain gauges, to determine the applied column loads. 

Finally, method three uses a computer program to convert the recorded column axial load 

from the data file back to a voltage which is then used to predict the corrected column 
loads which gives slightly different values due to the non-linearity in the calibration curve. 
The corrected data is then saved in a new data file. Details of these three methods and the 

results obtained (shown in Table 6.3) are discussed as follows: - 

1. Method I: 
This method is based on using a corrected factor for each column to determine 

the actual applied column axial load. The graph from the BRE report [6.10] rep- 
resents the actual calibration factor for each loading cable from the BRE report 
which is compared with the calibration factor adopted during the test [6.11]. A 

ratio is then determined to represent the correction factor for the column load. 

Each uncorrected load times the correction factor then gives the actual applied 
axial load. This method was used by Davison for the analysis of both Sheffield 

Frames [6.1]. 

2. Method 2: 
This method uses the axial load in each column determined from the strain 
gauges. The total axial load in columns of each storey should of course be equal 
to the total applied beam and column loads. The total axial load for both of the 

upper storey column was used to determine to the total applied load. The actual 
applied column load was obtained by subtracting the axial load obtained from 

the scan at the end of the beam load phase from the value at each scan. For ex- 
ample, the applied load at column in position 2 at scan 16 can be determined as 
the axial load in column 4 at scan 16 minus the axial load in column 4 at scan 14. 

3. Method 3: 
This method is thought to most accurately predict the applied column axial 
loads. A computer program was written to take the logged column load from the 

uncorrected data file and convert the readings back to a voltage. The voltages 
are then used as the independent variable in a polynomial expression for the 
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load. The polynomial is based on the calibration data obtained from the latest 
BRE report [6.10]. 

From Table 6.3, it can be observed that the three methods predict similar results for the 

column in position 2. In scan 19 (where the same total load was applied to both columns), 
methods I and 3 predict a similar result for the applied column load in position 2 and 
also predict a similar result for the applied column load in position 3. As failure was ap- 
proached for the column in position 2 (scan 24), the three methods predict a similar failure 
load. However, only methods I and 3 predict a similar failure load of 620 kN as failure was 
approached in the column in position 3 (scan 38) whilst method 2 predicts a load of 673.2 M. 

Table 6.4 shows a comparison between the axial load determined by the strain gauges 
in the upper storey with the result obtained from methods I and 3. A large discrepancy of 
results obtained was found. The axial loads predicted by the strain gauge are higher than 
those from the load cells, which suggested that the value of E measured in the stub column 
test (E = 222 kN/mm2) may be rather high. Furthermore, the large discrepancy may be also 
due to the combined effect of unreliable nature of results obtained from the strain gauges 
after material yield . The axial load in each column lift during the test and determined by 
the strain gauges is presented in Table 6.5. A comparison of the total applied beam and 
columns loads in each storey using results from method 3 and the axial load computer from 

strain gauge readings in the columns at this level are shown in Table 6.6. Examination of 
the results show differences of up to about 10 % in the various storeys up to the end of beam 
load phase. However, an even larger discrepancy up to 15 % was observed in high applied 
column load due to the problems of the unreliable nature of results obtained from the strain 
gauges after material yield as described above. A more detailed discussion of this problem 
together with a method to improve the results is presented in section 6.4.7.2. In conclusion, 
it is noted that methods 1 and 3 yield similar results for the applied column loads for test 
2 whilst different axial loads are determined from the strain gauges measurements in this 

study. Method 3 is thought to most correctly interpret the applied axial load due to the 
technique adopted and will be used for further analysis. Finally, the corrected load history 

using results from method three is shown in Table 6.7. 

6.4.3 Bending Moments on Beams 

Figures 6.6 to 6.10 show the load moment plots for beams 2 to 6 in Test 2. Each figure 

shows the change of moment at the four strain gauged sections, two near the connections 
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and two near the loading points, along each beam as load was applied to the frame. The 

value of load plotted on the vertical axis is the sum of both loads on the beam as measured 
by the load cells in the loading rods. The connections at the two ends of each beam at- 
tracted moment due to the stiffness of joints, leading to a decrease in the moment at two 
loading points below the free bending moment. 

For moderate loads, non-linear curves were obtained for all five beams at the beam ends 
and near the connections and consequently the load moment relationships were non-linear. 
Figure 6.11 shows the distribution of moment in beam 3 as the applied beam load increased. 
This figure displays the bending moment distribution for scans 4,6,8,10,12 and 14 which 
cover the beam loading phase. At the load level corresponding to the design load for beam, 

the connections sustained a moment of approximately 20 % of the free bending moment in 

the mid-span of the beam. 

After the axial column load was applied (Figures 6.6 to 6.10), an increase of the mo- 
ment in two loading points for each beam was observed with no increase in applied beam 
load. Thus, the failure of the column required either further rotation or relaxation of the 

connection moment with a consequent shift of moment to the mid-span of beam. 

6.4.4 Relationship of Load-Deflection in Beams 

Figure 6.12 shows the load deflection curves in a single plot for all five beams in Test 

2. All curves shown follow a non-linear route up to the end of the beam loading phase. 
After that, an increase in the mid-span deflection for each beam was observed with no 
further increase of the applied beam load. As explained in section 6.4.3, the failure of the 

columns required either further rotation of the connection or a relaxation of end moment 
which caused an increase of the mid-span deflection of the beam. Deflections of 23 to 25 

mm were observed in beams 2,3,4 and 6 when they were under their design load before 
the application of any applied column load. Comparison with the mid-span deflection from 

a simply supported beam showed a typical deflection value of 33 mm. Thus the result of 
this frame test showed a reduction of over 24 % the mid-span deflection of the beams due 

to the restraint provided by the semi-rigid joints. 
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6.4.5 Bending Moment Distribution around the Frame 

Figures 6.13 to 6.15 show the distribution of bending moment around the frame. In 
Figure 6.13, the moments at three levels of load are plotted on the same graph in order 
to compare the variation of frame moment at different locations and at various levels of 
loads. Scan number 7, which corresponds to the dead load (D. L. ), scan number 11, which 
corresponds to the dead plus imposed loads (D. L. + L. L. ), and scan number 14 which cor- 
responds to the design load (1.4 D. L. + 1.6 L. L. ) are used. In Figure 6.16, the moments 
in each beam and column are shown. The apparent out-of-balance at the beam-column 
intersection is due to the additional moment induced at the column centreline by the ec- 
centricity of the beam end reaction. Figures 6.14 and 6.15 show the frame moment at the 
level of load corresponding to the failure of columns in positions 2 (scan 24) and 3 (scan 38) 

respectively. Very high moment was observed in the top of the central column in the upper 
storey (Figure 6.14) and the top of the edge column in the lowest storey (Figure 6.15). The 
two failure modes are discussed in section 6.4.7. 

6.4.6 Deflected Shape of the Frame 

Deflections were recorded at the mid-span, quarter and three-quarter points of the 
beams and the mid-heights of the columns. Figures 6.17 to 6.19 show the deflections of the 
frame at different load levels. In Figure 6.17, the deflections during the beam loading phase 

are plotted in the same figure; the load levels corresponding to the scans are as described in 
Figure 6.13 and section 6.4.5. The mid-span deflections for the beams and the columns all 
increased approximately proportionately to the applied load. In Figure 6.18, the mid-span 
deflection at three levels of load are plotted on the same graph in which scan 14 represents 
the end of the beam load phase, scan 19 represents the condition at which the loading 

applied to the two columns was at its maximum equal value and scan 24 represents the 
load at failure for the column in position 2. In Figure 6.19, the mid-span deflection at three 
levels of load are plotted on the same graph in which scan 14 and scan 19 are as described 

above and scan 38 represents the load at failure of column in position 3. These two figures 
illustrate the change of deflection from the end of beam load phase up to the failure of the 

columns. There was a modest change in the mid-height deflection from the end of beam load 

phase to the end of the equal loading applied to the two columns. However, substantially 
larger mid-height deflections were observed between the last two levels of loads as failure 

was approached for each of the two columns. 
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6.4.7 Behaviour of Columns as Failure Approached 

6.4.7.1 Failure of Column in Position 2 

Figure 6.20 shows the total load against the mid-height deflection for the three lifts 
in column position 2. After the load was applied to the head of the central column, it is 

evident that there is a lesser change in the mid-height deflection of columns 4 and 5. The 

marked change of slope in the load-deflection behaviour at the end of the beam load phase 

and the commencement of axial load applied to the column head can be observed for both 

upper column lengths. As column 4 sustained a larger moment from the single beam con- 
nected at its head, as shown in Figures 6.13 and 6.14, it underwent the largest mid-height 
deflection of about 6 mm. The smallest mid-height deflection of about 3 mm was observed 
in column 5 due to the reduced moments introduced at the first and second floor levels. In 

Figure 6.20, very little mid-height deflection was observed in column 6 (1.5 mm) during the 
beam load phase. This was due to the balanced beam loads introduced at the first floor 
level and, to a lesser extent due to the stiffness of the column base. When axial load was 

applied at the column head in position 2, the mid-height deflection of column 6 increased 

steadily throughout the beam and column loading phase as throughout, it mainly expe- 

rienced additional axial loading due to the balance natured of the beam loading. Failure 

occurred when the central column was unable to sustain a steady axial column load. As 

the failure was approached, the recorded applied column load was 464 kN and the strain 

gauged cross sections gave the total axial load in columns 4,5 and 6 as 542 M, 644 kN 

and 789 kN respectively. These values correspond to 523 M, 609 kN and 727 kN as com- 

puted from 464 kN plus half of the loads applied to each connecting beam above the section. 

Figure 6.21 shows the axial load against the bending moment at the tops of columns 
4,5 and 6. No loss of stiffness was observed in any of the three columns during the beam 

load phase. When load was applied to the top of the central column, column 4 exhibited a 
loss of stiffness until failure was produced in that column segment. However, for columns 5 

and 6 no significant change of the column head moment was seen. Thus failure was reached 
in column 4 resulting from the loss of stiffness due to the application of the highest out 

of balance beam moment being transferred to the column head due to the rotation of the 

column head during the beam load phase. This phenomenon was due to the discontinuity 

of the beam on the adjacent side and exacerbated because no column extended above that 
level to share the high applied moment as shown in Figure 6.14. Thus the failure was ini- 

tiated in that column section due to the arrangement of the test frame. However, such a 
failure would be less likely in a real structure. Although edge columns always exists, for 

such high axial loading to be introduced, the column would need to be extended above that 
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floor level and thus the applied moment would be shared between two column ends. The 

test condition therefore represents an extreme adverse condition. 

6.4.7.2 Failure of Column in Position 3 

Figure 6.22 shows the total load against the mid-height deflection of columns 7,8 and 
9 in position 3. The large mid-height deflection observed in column 7 was due to the large 

moment transmitted to the edge column between the second to third floor levels. Inspec- 

tion of the plot reveals that the major part of the deflection occurred during the beam 
load phase. When the load was applied equally to both columns, the mid-height deflection 

reduced slightly and then kept at essentially the same value. After that additional column 
load was applied continuously to the top of the column in position 2 with a same applied 
load holding at the top of the column in position 3, an increase of deflection was observed. 
Having failed the internal column, extra load was then applied to the edge column in posi- 
tion 3. A non-linear curve with an increasing deflection was observed for equal increments 

of applied axial load. Finally, a maximum value of mid-beight deflection of 3.5 mm was 
determined as failure was approached for that column. 

In column 8, the deflections were very small and showed some scatter initially, followed 

by the same value at different levels of load. A similar form of behaviour was obtained for 

column 9. However the principal feature is that the deflections were very small (less than 
0.1 mm). 

Figure 6.23 shows axial load against bending moment at the top of column lift nos 7,8 

and 9 which make up the column in position 3. Constant stiffness was observed for all three 

columns up to the maximum dead load applied to each beam. After that, a reversal of mo- 
ment occurred in column 8 as the load in beam 5 was kept constant whilst the loads applied 
to beams 4 and 6 were increased. Columns 7 and 9 showed no change of stiffness during 

the beam load phase. When the column load was applied to the top of the edge column, 

column 9 exhibited a loss of stiffness until failure was produced in that column segment. 
However, for column 7 there was no significant change of the column head moment while a 
reversal of the head moment was produced in column 8 during the application of the col- 
umn head load. Thus it may be argued that failure was reached in column 9 which resulted 
from the continual loss of stiffness due to the increasing moment formed at the column head. 

As failure was approached in the edge column, the record of applied column load was 
620 kN and the total axial load in each of the column lifts 7,8 and 9 was determined as 732 
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kN, 782 kN and 891 kN respectively. These values correspond to 679 M, 706 kN and 766 
kN as computed from the 620 kN head load plus half of the loads applied to each connecting 
beam above the section. 

A dose inspection of the strain gauge readings after the test suggests that the failure 

occurred in the column in the ground to the first floor level at the total axial load of 891 M. 

A large discrepancy was found when it was compared with the failure load obtained from 

the load cell. As discussed in section 6.4.2, the axial loads predicted by the strain gauges 
are higher than those from the load cells, which suggested that the value of E measured in 

the stub column test may be rather high. The reliability of the strain gauge readings after 
plasticity may be an additional reason causing on over-prediction of the failure load. The 

readings from strain gauges in yield zones, which may bridge a number of slip planes, tend 
to be unreliable. Furthermore, there were only four strain gauges employed in the force 

monitoring system and hence the loss of any one of the gauges in a yielded zone would pre- 
vent a correct interpretation of the force components. This problem of strain measurement 
in zones of discontinuous yield was recognised by Birnstiel in a study of a biaxially loaded 

steel columns [6.12]. The solution which he adopted was the use of long gauges (65mm 

gauge length) which straddled a significant number of adjacent slip planes. The resulting 
strain readings was then effectively an average plastic strain over the length of the gauge. 
This method appeared to work well in Birnstiel's studies. Due to the unreliable perfor- 

mance of strain gauges in yield zones, it was evident that more than the absolute minimum 

of four gauges would be preferable. Work carried out by Lightfoot [6.13] has shown how 

so called 'redundant' gauges can be incorporated into strain data analysis to generate the 

strain profile in structural steel sections more accurately. A method has been developed 

by Gibbons [6.14] for measuring the forces and moments in structural steel sections in 

both the elastic and the elastic-plastic regions which used four gauges on the top and bot- 

tom flanges and two gauges on the column web. The method involves the mathematical 
treatment of readings from the redundant strain gauges to improve the accuracy of the 

strain measurement under elastic stress conditions. A dose correspondence of the results 
was obtained with the predicted result of a finite element program in his study. Thus it 
is clear that the use of more strain gauges should be included in future experimental studies. 
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6.4.8 Tests to Failure of Beams 

6.4.8.1 Accidental Failure of Beam 6 

After the two columns had been loaded to failure , test 3 was carried out in order to 
fail each of the beams. The load history of this test is shown in Table 6.8. All beams were 
loaded to their full dead load (scan 7) and the applied loads on beams 2,3,4 and 6 were 
then increased to design load value in six increments (scan 13). From the BRE report [6.9], 

beams 2 and 3 were accidentally unloaded during a change of loading to beam 6. This 

causes failure to occur in beam 6 under an applied axial load of 128 M. Unfortunately, 

no reading was taken to indicate the unloading of ýeams 2 and 3 in the data file. After 
that beams 2 and 3 were reloaded to their design load values of 116 M, and beam 6 was 
loaded to 128 kN for a second time. Three scans of readings were then taken at this level 

of load. Failure was observed in that beam, all beams were then unloaded to their dead 

plus imposed loads and subsequently dead loads before all applied loads were released. A 
detailed discussion is presented in the author's progress reports [6.7]. 

6.4.8.2 Failure of Beams 3,4 and 5 

The aims of failing each beam was not reached in test 3 and therefore a further test 
(test 4) was carried out in order to fail beams 3,4 and 5 individually. Table 6.9 shows 
the load history in test 4. All beams were first loaded to their full dead load (scan 3). 
After two further load increments, beam 3,4 and 6 were loaded to their design loads which 
was achieved in scan 5. Beam 3 was the first beam to be loaded up to failure. After four 

More increments of load were applied (scan 9), it was found that the beam was unable to 
take further load showing that failure was approached. The load on beam 3 was kept at 
its failure value and beam 5 was then loaded up to failure. This occurred in beam 5 after 
five increments of applied load. Finally, the same procedure was applied to beam 4 with 
the failure load being maintained on beams 3 and 5. Failure occurred in beam 4 after six 
increments of applied beam load at a recorded applied beam load of 147 M. 

Figures 6.24 to 6.26 show the load vs moment plots for beams 3 to 5 in test 4. Linear 
load moment relationships were obtained for beams 3 and 4 at different locations up to 

applied beam loads of 120 M, and consequently the load moment relationship was linear 

only up to a level of load lower than their design load ( 1.4 D. L. + 1.6 L. L. ). In Figure 6.26, 

a decrease of the moment can be observed at the two loading points whilst an increase of 
moment can be seen at the two ends of the beam when beam 5 was under its dead load. 
This was due to the effect of increasing the applied load on beams 2,3,4 and 6 with no 
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change of applied load to beam 5. The rotation of the column forces an increase of the joint 

rotation and thus increases the connection moment and reduces the mid-span moment. A 

larger increase of moment is produced in three of the beams with a corresponding increase 

of applied load after the applied beam load exceeded 120 kN in beam 3,110 kN in beam 

5 and 130 kN in beam 4. The shedding of moment to the mid-spans of three beams was a 

result of the plastic hinges nearly formed at the beam ends. 

Figure 6.27 shows the load deflection curves on a single plot in beams 3 to 5 in test 
4. This figure shows the relationship for beam 3 which followed a linear route up to high 

applied loads (120 M). Subsequently, the variation to non-linear curves, having larger in- 

crements of deflection for corresponding increases of the applied load, reflected a loss of 
stiffness with higher applied load. The failure occurred at an applied beam load of 146 kN 

with a mid-span deflection of 38 mm. This figure also shows a linear response up to an 
applied beam load of 130 for beam 4 after which it changes to a non-linear curve with a 
larger increments of deflection for corresponding increases of the applied load. The plot 
indicates that failure was reached at an applied beam load of 147 kN with a corresponding 

maximum mid-span deflection which was recorded as 36 mm. This figure shows a reduced 
deflection was observed at constant applied dead load in beam 5. This was explained in the 

section 6.4.4. and was due to the effect of load being applied to other beams. 

6.5 Tests to Failure - Frame 4 

6.5.1 Test Observations 

Test 3 was used to investigate the behaviour of the frame up to the failure of the two 

columns in the non-sway mode under a combination of beam and column loads. After two 

scans of readings were taken at zero load (one with the hydraulic pump off and one with 
the pump on), load was then applied to all beams up to their dead load values. Beams 1,2, 
3,4 and 6 were then loaded to their full design load with the load on beam 5 remaining at 
its dead load. As for Frame 3, displacement rather than load was employed to control the 
hydraulic system used at the head of columns. All columns were first axially shortened by 3 

mm (approximately 150 M). The column in position I was then axially shortened by I mm 
(50 kN) increments and finally 0.5 mm (25 kN) increments up to failure of that column. 
After failure of column in position 1, a similar procedure was used to fail the central column 
in position 2 with a very high but sustainable load remaining in the already failed column in 

position 1. After failure of the two columns, the axial displacement applied to all columns 
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was released and all the beam loads were reduced to about 53 kN before taking all load off 
the frame. 

As in frame 3, there was a problem of erratic records of applied column load again due 

to the use of an uncorrected calibration factor adopted in this frame tests [6.10,6.11]. The 

same method as was used for frame 3 was again employed to solve this problem. Table 6.10 

provides a corrected load history for this test. The axial load in each column lift during the 
test and determined by the strain gauges is recorded in Table 6.11 and a comparison of the 

applied beam and column loads in each storey and the axial load measured in the column 
at this level are shown in Table 6.12. A discrepancy of up to 7% was determined at scan 
42 (failure of the central column). This was again due to the combined effect of unreliable 

nature of results obtained from strain gauges after material yield as discussed in progress 
report no. 7 (Frame 3) and the errors in the axial displacement resulting from the rotation 
of the column bead and the eccentricity of the devices. 

Based on the records of Davison [6.1], the lateral movement of joint C with the max- 
imum value of I mm was monitored using a theodolite throughout the test which verified 
that the frame was effectively braced. 

6.5.2 Bending Moments on Beams 

Figures 6.28 to 6.33 show the load against moment plots for all six beams in test 3. For 

moderate loads, non-linear curves were obtained for all beams at the beam ends and near 
the connections and consequently the load moment relationships were non-linear. Figure 

6.34 displays the bending moment distribution for scans 4,6,8,10,12 and 13 which cover 
the beam loading phase. At the load level corresponding to the design load for beam, the 

connections sustained a moment in a range 17 - 20 % of the mid-span free bending moment. 

After the axial column load was applied (Figures 6.28 to 6.33), an increase of the mo- 
ment in two loading points for each beam was observed with no increase in applied beam 
load. Thus, it may be concluded that the failure of the column required either further 

rotation or relaxation of the connection with a consequent shift of moment to the mid-span 
of beam. 
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6.5.3 Relationship of Load-Deflection in Beams 

Figure 6.35 shows the load deflection curves in a single plot for all six beams in test 
3. All curves shown follow a slightly non-linear route up to the end of the beam loading 

phase. After that, an increase in the mid-span deflection for each beam was observed with 
no further increase of the applied beam load. As explained in section 6.5.2., the failure of 
the columns required either further rotation or relaxation of the connection with an increase 
in the mid-span deflection of the beam. Deflections of 25 to 32 mm were observed in beams 
1,2,3,4 and 6 when they were under their design load before the application of any applied 
column load. Compared with the results determined in test 2 of Frame 3, a little higher 

mid-span deflection was obtained in this test at the same level of applied beam load. This 

may be due to reduced restraint provided to the beams by the adjacent minor axis columns. 
These deflections compare with the mid-span deflection of a simply supported beam which 
are typically about 33 mm. Thus the result of this frame test showed a reduction of up to 
24 % in the mid-span deflection of the beams due solely to the restraint provided by the 

semi-rigid joints. 

6.5.4 Bending Moment Distribution around the R-ame 

Figures 6.36 to 6.38 show the distribution of bending moment around the frame. In 
Figure 6.36, the moments at three levels of load are plotted on the same graph in order 
to compare the variation of frame moment at different locations and at various levels of 
loads. Scan number 7, which corresponds to the dead load (D. L. ), scan number 10, which 
corresponds to the dead plus imposed loads (D. L. + L. L. ) and scan number 16 which corre- 
sponds to the design load (1.4 D. L. + 1.6 L. L. ) are used. The upper stories of two external 
columns I and 7 were subjected to quite high moment and thus caused considerable deflec- 

tion (Figure 6.40). Due to the flexibility of the two external columns in the upper stories, 
less moment was attracted to the connections A and H. Conversely, the presence of two 

adjacent beams at the central column enable larger restraint to occur with higher moments 
attracted at the same load level but with very little moment being transferred to the column 
due to the balanced beam moments introduced at the two sides. A detailed analysis of the 
behaviour of the joints in the test will be discussed in section 6.5.10. Figure 6.39 shows the 

moment distribution at the intersection of the beam and column at the end of the beam 
loading phase. Most of the intersection points indicated that the apparent out-of-balance 
is small, less than 1.72 kNm. This out of balance is probably due to the additional moment 
induced at the column centreline by the eccentricity of the beam end reaction. Figures 
6.37 and 6.38 show the frame moment at the level of loads corresponding to the failure of 
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columns in positions 1 (scan 33) and 2 (scan 43). In Figure 6.37, very high moment was 

observed in the top of column 1. The high moment existing at this point was not antic- 
ipated and may be due to the rotation of the column head under the applied beam load 

which causes the load applied to the top of the column stub to induce both an axial load 

and a bending moment. This effect can be improved by modifying the connection from 

the column head and the loading system by inserting a captive roller bearing. Figure 6.38 

shows the bending moment distribution at scan 43. Very little moment existed at the top 

of column 4 which was due to the balanced beam moments introduced at the two sides. 
Examining the results shown that a plastic hinge have formed at the mid-height of column 
in the second lift (column 5). A detailed analysis of the test to failure of two columns will 
be discussed next. 

6.5.5 Deflected Shape of the Frame 

Figures 6.40 to 6.42 show the deflection of the frame at different load levels. In Figure 
6.40, the deflections during the beam loading phase are plotted on the same loading scan 
as in Figure 6.36. The change of deflection of beams and columns at the different level 

of loads are thus illustrated. The mid-span deflections for beams and columns increased 

approximately in proportion to the applied load. In Figures 6.41 and 6.42, the deflected 

shapes of the frame at failure of the column in positions I and 2 (scans 33 and 43) are 

plotted and frame distortions at the failure of the columns are thus clearly demonstrated. 

In Figure 6.41, very large mid-beight deflection was observed in the top lift of the edge 
column in position 1. In Figure 6.42, the largest deflection was observed at the mid-height 
of the column in the second lift (column 5) due to the formation of a plastic hinge. 

6.5.6 Failure of Column in Position 1 

Figure 6.43 shows the total load against the mid-height deflection for the three column 
lifts in position 1. Observation of this figure shows that deflection increase with the increase 

of the axial load during the beam loading phase. After the load was applied to the head 

of the edge column, it is evident that there is a large increase in the mid-height deflection 

of columns I and 2 and a reversal of mid-height deflection was produced in column 3. The 

marked change of slope in the load-deflection behaviour at the end of the beam loading 

phase and the commencement of axial load applied to the column head can be observed for 
both upper column lengths. Failure occurred when the edge column was unable to sustain a 
steady axial column load. As the failure was approached, the recorded applied column load 
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was 468 kN and the strain gauged cross sections gave the total axial load in columns 1,2 

and 3 as 520 W, 547 kN and 632 kN respectively. These values correspond to 529 W, 587 
kN and 646 kN as computed from 468 kN plus half of the loads applied to each connecting 
beam above the section. 

In is noted in Figure 6.43 that larger deformation in the mid-heigbt of column I suggests 
that failure occurred in this floor level. Figure 6.44 shows the axial load plotted against the 
bending moment at the top of columns 1,2 and 3. When load was applied to the bead of 
the edge column, column I exhibited a loss of stiffness until faure was produced in that 

column segment. A reversal of moment occurred in column 2 but the bead moment in 

column 3 saw no significant change. Thus failure was reached in column 1, evident by a loss 

of stiffness, due to the application of the highest out of balance beam moment transferred 
to the column bead. This phenomenon was due to the discontinuity of the beam on the 

adjacent side and exacerbated because no column extended above that column. After the 

application of applied axial column loads, large bending moments were produced at the top 

of the column as shown in Figure 6.37. 

6.5.7 Failure of Column in Position 2 

Figure 6.45 shows the total load against the mid-beight deflection of the lifts 4,5 and 
6 in columns position 2. It is observed in this figure that the largest mid-height deflection 

of 9 mm observed in column 5 and this coincided with the formation of a plastic hinge 

formed at the mid-height of that column lift due to out of balance moment introduced by 

two adjacent beams (beams 2 and 5). The appearance of the characteristic progressive loss 

of stiffness in columns 5 and 6 suggested that failure was also imminent in these two column 
lengths. 

Figure 6.46 shows the axial load against the bending moment at the mid-height of 
columns 4,5 and 6. An irregulax curve was observed in column 4. The mid-height moment 
in column 5 increased steadily and rapidly until a plastic hinge had formed in this location 

under the axial load of 550 M. A moment reversal was produced in column 6 after the axial 
load of 400 kN and a large increase in moment to 19 kNm was observed in that position 
at the maximum applied load. Failure occurred when the central column was unable to 

sustain a steady axial column load. As the failure was approached, the recorded applied 
column load was 404 kN and the strain gauged cross sections gave the total axial load in 

columns 4,5 and 6 as 530 M, 628 kN and 808 kN respectively. These values correspond 

VI-17 



to 524 kN, 610 kN and 728 kN as computed from 404 kN plus half of the loads applied to 

each connecting beam above the section. 

Failure was reached in the central column at the first and second lifts (columns 5 and 6) 

and flattening out of the load deflection plots was observed (Figure 6.45). The presence of 

a plastic hinge and the largest deformation observed at the mid-height of column 5 confirm 
this point and thus the column could not sustain higher axial load. 

When the axial load was compared with the failure load obtained from the load cell 
(Table 6.12), a large discrepancy was found after scan 17. As discussed in frame 3, at high 
levels of load the axial loads predicted by the strain gauge are higher than those from the 
load cells due to partial yielding at strain gauge positions. The readings from strain gauges 
in yield zones, which may bridge a number of slip planes, tend to be unreliable. Further- 

more, there were only four strain gauges employed in the force monitoring system and hence 

the loss of any one of the gauges in a yielded zero would prevent a correct interpretation 

of the force components. A detail discussion and the method used to counter this problem 
have been described in section 6.4.7.2. 

6.5.8 Test to Failure of the Edge Columns in Position 3 

Test 4 was used to investigate the behaviour of the frame up to failure of the edge 

column in position 3 under a combination of beam and column loads applied to the test 
frame. After two scans of readings were taken at zero load (one with the hydraulic pump 

off and one with the pump on), load was then applied to all beams up to their dead load. 

Beams 2,3,5 and 6 were loaded to their full design load with the load on beams I and 
4 remaining at its dead load in order to reduce the amount of displacement and rotation 

at the column head. As a result, the moment induced into the column by eccentricity of 
the loading system could be reduced. Table 6.13 summarises the load levels applied to the 
beams. The column in position 3 was axially shortened by I mm increment (approximately 

50 kN). After two loading scans, the column load was reset and the column was axially 

shortened by 1 mm. increments up to failure. However, the displacement transducer that 

controlled the load applied to the top of column in position 3 was observed to run out of 
travel at scan 27 and had to be reset. Then the column was accidentally failed due to 

additional applied load. After failure of this column, the axial displacement applied to all 

columns was released and all the beam loads were reduced to about 53 kN before taking 

all load off the frame. After the test, permanent deflection of 11 mm. was observed at the 
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mid-height of column as shown in Figure 6.47. 

6.5.9 Behaviour of Joints in Prame 3 

Figures 6.48 to 6.51 illustrate the moment-rotation curves of the connections as mea- 

sured in test 2 together with the smoothed curve from results of a test on isolated cruciform 
joint. The moment-rotation plots obtained from the experiment include not only the load- 

ing section but also the unloading part which may be used to derive the stiffness of the 
joint. The slope of the unloading curve and the initial tangent can be seen to be parallel in 

most of the joints i. e. joints C, E, F, G, I and K. The initial and unloaded stiffnesses found 
from each joint together with some analysis using new design approaches will be discussed 

in chapter 10. 

The device at joint D developed a fault during the test and thus will not be discussed 

further. Some distortion was observed in some of the joints after the test, especially these 

on the central columns 5 and 6. 

During the beam loading phase, all the connections behaved as expected exhibiting 
a reasonably smooth moment rotation response. The connections to the internal column 

were able to sustain 12 - 16 kNm while those connected to the external column were able 
to sustain moments in the range 14 - 18 kNm. Consider the behaviour of the internal joints 

F, I and K. Figure 6.50 shows joint I on the internal column at the second floor level. From 

Figures 6.17 and 6.18, it can be seen that the central column rotated anti-clockwise during 

the beam loading phase. As axial load was applied to the central column, an opposite sign 

of rotation was produced which thus reduced the rotation of column. This produced an 
increase of joint rotation up to 18 x 10-3 (rad. ) for one of the connections attached at joint 

F whilst the opposite phenomenon was observed in the adjacent joint (K) of the first floor 

level. The relevant column 6 rotated clockwise (Figure 6.17) during the beam load phase, 
the joint was forced to open as further rotation was produced in that column as further 

axial load was applied. Thus the connection moment reduced as the connection opened 
and the joint was unloaded as can be seen in Figure 6.50. A different form of response 
was observed in Joint F (Figure 6.49) with the connection closing continuously during both 

the beam loading and the axial loading phases. However, an unexpected and unexplained 
connection moment drop was found in this curve after the axial load was applied to the 
bead of the central column. 
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For the external column, a similar phenomenon relating to the opening and closing 
of joints was observed. Examination of the joints on the external column in position 3 
(joints H, J and L in Figure 6.51) clearly demonstrates the change of the moment rotation 
behaviour at the different levels of load. At joint H, the column rotated anti-clockwise 
during the beam loading phase. Under the application of axial load to the external column, 

an increase of the column rotation was observed which lead to a 'opening' of the joint. 

Thus the joint was unloaded and its rotation reduced. An unclear moment-rotation curve 

was observed in joint J which was difficult to interpret. However, the joint was forced to 

open as column failure was approached. A curve similar to that of joint H was observed 
for joint L. Due to the action of joint K (Figure 6.50) which reduced its moment after col- 
umn load applied, joint L was forced to open after the axial load applied to the edge column. 

6.5.10 Behaviour of Joints in Frame 4 

Figures 6.52 to 6.55 illustrate the moment-rotation curves of the connections as mea- 
sured in test 3. From the analysis of the moment-rotation plot obtained from the experiment, 
it is observed in these figures that joint stiffness from the slope of the unloading curve and 
the initial tangent gave similar values in most of the joints i. e. joints B, C, D, E, F, G, 1, 

J, K and L. The determined initial and unloaded stiffness in each joint together with some 

analysis using new design approaches will be presented in chapter 10. 

During the beam loading phase, all the connections behaved as expected exhibiting a 

smooth moment rotation response with the exception of joint A which performed rather 

erratically. Those connected to the internal column (joints B, D, F, G, I and K) were able 
to sustain quite high moments of 15 - 24 kNm. Those connected to the external column 
(joint A, C, E, H, J and L) sustained moments in the range 10 - 15 kNm. The difference 

may be attributed to the flexibility of the edge columns and the absence of restraint from 

adjacent beams. 

Consider the behaviour of the external joints to the column in position 1. A similar 

phenomenon to that seen in frame 3 relating to the connection opening and closing of joints 

was observed. Examination of the joints on the external column in position I (joints A, C 

and E in Figure 6.52) dearly demonstrates the change of the moment rotation behaviour 

at the different levels of load. At joint A, the column rotated clockwise during the beam 

loading phase (see Figure 6.40). Under the application of axial load to the external column, 
an increase of the column rotation was observed which to a 'opening' of the joint (Figure 
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6.41). Thus the joint was unloaded and its rotation reduced. A curve similar to that of 
joint A was observed for joint E. A different form of response was observed in Joint C with 
the connection dosing continuously during both the beam loading and the axial loading 

phases. A sympathetic action in the connections B, D and F at the opposite ends of beams 
I to 3 was observed in Figure 6.53. Due to slip occurring in joint B at scans 16 and 17, 

moment in this connection dropped and then the joint attempted to pick up more moment 
after more load was applied to the column head. 

Turning to the behaviour of the internal joints F, I and K shown in Figures 6.53 and 
6.54. Figure 6.54 shows joint 1, an internal beam to column joint at the second floor level. 
From Figures 6.40 and 6.42, it can be seen that the central column rotated anti-clockwise 
during the beam loading phase. As axial load was applied to the central column, an oppo- 
site sign of rotation was produced which thus reduced the rotation of column. The relevant 
column 6 rotated clockwise (Figure 6.40) during the beam load phase, joint K (Figure 6.54) 

was forced to open as additional rotation was produced in that column as further axial load 

was applied. Thus the connection moment reduced as the connection open and the joint 

was unloaded. A different form of response was observed in Joint F (Figure 6.53) with the 

connection closing continuously during both the beam loading and the axial loading phases. 
The connections on the adjacent side of the column behaved in the opposite way. This is 
best illustrated by comparing the response of connection D and 1, F and K. As joint D 

opened, joint I closed. As joint F closed, joint K opened. 

It is interesting to note that all the joints in frame 3 exhibited a similar initial stiffness 
to the joint tests. The maximum moment in the external joints sustained a slightly higher 

value than the joints test whilst the internal joints sustained a similar moment. Turning 

to compare with the M-0 curves in frame 4, a lower initial stiffness was observed in the 

external joint whilst the initial joints showed a similar value to the joint tests. The moment 
in the internal joints attained a higher value than the joint tests. 

This phenomenon may be due to the same arrangement of the joint tests and the in- 

ternal joints in the two frame tests (cruciform). Due to the different load path mechanism 
of the internal and external joints, a different connection stiffness and strength may be 

obtained. It is the author's opinion that this phenomenon was one of the most important 

observations from the study - specially the external joints showed a less stiffness than the 
internal joints. It could be effected the behaviour of the structures in analysis when the M-0 

curves in different locations are adopted. A more detailed explanation for this connection 
behaviour and a parameter study concerned of the column capacity due to the variation of 
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the M-0 response will be subjected to a further investigation in chapter 9. Moreover, both 

the joint and frame M-0 curves employed the new approach to predict the deformation of 
steel frames in the seviceability limit state will be addressed in chapter 10. 

6.6 Concluding Remarks on the Study 

Throughout this study, the behaviour of the two Sheffield frames has been considered. 
Errors in the recorded value of the load cell which one were discovered during the analysis 
of frame 3 which was due to the adoption of an incorrect calibration factor during the test. 
Three methods were considered by the author to solve this problem. After a comparison 
with the applied column load determined from three different methods, method 3 is thought 

to be best. This method is based on using a computer program to convert the incorrect data 
back to voltages which are then used as the independent variable in a polynomial expres- 
sion for the load. This method is then used to correct the applied column load for other tests. 

Somewbat bigb values of axial loads and moments determined in the edge columns were 

probably due to a Tatber bigb value of elastic modulus (E) measured in the stub column 
test in frame 3. Some values obtained from the strain gauges after the yield of sections were 
found and it was suggested that more strain gauges sbould be included in the sections for 

future frame tests in Order to obtain more accurate results. 

The tests illustrated that the rotational stiffness of the flange cleat connection signif- 
icantly influences the distribution of moments around the frame, leading to reduce beam 
deflections and enhance column capacities when compared to traditional pinned joint con- 

cepts. The semi-rigid action transfers larger moments from the beam through to the column. 
Thus, it increases the moment and deflection of the column relative to the same member 
with true pinned connections when only beam loading is applied. When utilising the semi- 
rigid joint effect, part of the mid-span moment is transferred to the column. Hence, a smaller 
mid-span beam deflection will be encountered. In addition, the reduced mid-span moment 
can allow larger applied beam moments to be carried or the beam size may be reduced 
with a consequent improvement in economy. During failure of the column, the connection 
on either side rotated in the same direction thus causing unloading of one and continued 
loading of the other. The unloading connection has the greater stiffness and hence restrains 
the column more than the adjacent, loading connection. 

The eccentricity of the applied load produced at the head of the column is due to 
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the rotation of the column head during the beam load phase. This problem is difficult to 
overcome since stable and safe test arrangements are required. It may have been prudent 
to have applied lower load to the third floor beams and hence reduce the rotation of the 
head of the column. 

In chapter 8, the result of the frame tests are compared with the prediction of in house 
finite element analysis programs. A parametric study to investigate how the variation of the 
M-0 response to effect the ultimate capacity of column is performed in chapter 9. New de- 

sign methods will be developed and checked using all test results as addressed in chapter 10. 
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Total Load 
per Beam (M) 

Comments 

10.0 
20.0 
30.0 
40.4 
53.0 unfactored dead load only (1.0 D. L. ) 
60.0 
74.2 factor dead load only (1.4 D. L. ) 
79.5 unfactored dead + imposed load (1.0 D. L. + 1.0 L. L. ) 
90.0 
100.7 factored dead + unfactored imposed load (1.4 D. L. + 1.0 L. L. ) 
116.6 factored dead + factored imposed load (1.4 D. L. + 1.6 L. L. ) 

Table 6.1 : Load Increments for the Applied Beam Loads in Frames 3 and 4 



APPLIED LOAD (kN) COMMENTS 
BEAM NO. COLUMN POSITION 

SCAN 2 3 4 5 6 2 3 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Zero load 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 8.7 8.0 8.8 8.8 8.8 1 0.0 0.0 Dead loaj 
4 18.9 18.1 19.1 1 19.5 19.6 0.0 0.0 9equally' 
5 29.0 28.2 29.3 30.2 30.4 0.0 0.0 
6 39.2 38.4 39.5 40.8 40.9 0.0 0.0 
7 52.3 51.6 52.8 54.7 54.4 0.0 0.0 
8 59.5 58.7 59.9 54.7 55.2 0.0 0.0 Pattern Eearn 
9 59.5 58.7 59.9 54.7 61.6 0.0 0.0 loading 
10 73.9 73.2 74.5 54.7 76.4 0.0 0.0 
11 79.3 78.6 79.8 54.7 81.8 0.0 0.0 
12 90.0 89.3 90.6 54.7 92.7 0.0 0.0 
13 100.7 100.0 101.3 54.7 103.5 0.0 0.0 
14 117.0 116.2 117.7 54.7 120.0 0.0 0.0 Columns 2&3 
15 117.1 116.1 117.6 54.7 119.8 1 44.0 45.1 loaded 'equally' 
16 117.1 116.1 117.6 54.7 119.7 104.0 105.4 
17 117.1 116.1 117.6 54.7 119.8 165.7 165.3 
18 117.1 116.1 117.6 54.7 119.8 244.2 223.1 
19 117.1 116.1 117.6 54.7 119.8 315.8 279.5 
20 117.2 116.1 117.5 54.7 119.7 390.2 271.3 Column 2 loaded 
21 117.1 116.1 117.5 54.7 119.7 472.4 271A to failure 
22 117.2 116.1 117.6 54.7 119.8 490.3 266.2 
23 117.2 116.1 117.6 54.7 119.8 501.5 263A 
24 117.2 116.1 117.5 54.7 119.8 512.9 261.4 
25 117.2 116.1 117.5 54.7 119.8 441.4 265.1 Column 2 

loading reduced 
26 117.1 116.1 117.5 54.7 119.7 438.6 329.1 Column 3 loaded 
27 117.1 116.1 117.5 54.7 119.7 440.1 397A to failure 
28 117.1 116.1 117.5 54.7 119.7 441.1 454.1 
29 117.1 116.1 117.5 54.7 119.7 439.7 510.3 
30 117.1 116.1 117.5 54. 119.7 437.9 545.0 

_117.1 
116.1 117.6 54.6 119.7 433.8 572.3 

32 117.1 116.1 117.6 54.6 119.7 433.1 590.2 
33 117.1 116.1 117.7 54.6 119.7 432.3 606.0 
34 17.1 116.1 117.6 54.6 119.7 435.2 619.7 
35 17.1 116.1 117.6 54.6 119.7 435.1 634.0 
36 117.1 116.2 117.6 54.7 119.7 434.7 647.6 
37 117.1 116.2 117.6 54.6 119.7 433.8 660.4 
38 117.1 116.2 117.6 54.6 119.7 433.8 670.1 
39 117.1 116.1 117.6 54.6 119.7 433.4 654A Unloaded of 
40 117.1 116.2 117.4 54.6 119.7 88.4 448.2 members 
41 17.1 116.2 117.6 54.6 119.7 -7.8 1.4 
42 52.6 51.6 52.5 54T 54.1 

- -8.3 0.5 
43 1 0.4 

_] 
0. 5.1 ý -0.1 .3 2.6 0.2 

Table 6.2 : Load History of Frame 3 Test 2 (uncorrected) 



Applied Column Axial Load (0) 
Column in Position 2 Column in Position 3 Comments 

Method Method 
Scan 1 2 3 1 2 3 

15 41.4 54.2 35.2 41.9 55.3 45.4 
16 97.8 114.7 90.6 98.0 120.7 104.4 
17 155.8 175.4 150.4 153.7 184.3 160.6 
18 229.5 250.8 226.2 207.5 244.4 214.0 
19 296.9 317.0 292.7 259.9 302.1 265.8 
20 366.8 380.3 358.9 252.3 293.0 258.2 
21 444.1 453.4 429.8 252.4 293.0 258.4 
22 460.9 470.2 445.0 247.6 287.8 253.6 
23 471.4 480.3 454.6 245.0 284.6 251.0 
24 482.1 490.6 464.3 243.1 282.1 249.2 Failure of Column 2 
25 414.9 422.2 403.1 246.5 285.3 252.6 
26 412.3 419.6 400.7 306.1 350.6 311.4 
27 413.7 422.0 402.0 369.6 418.7 374.3 
28 414.6 422.5 402.8 422.3 469.2 426.4 
29 413.3 421.4 401.6 474.6 521.8 477.6 
30 411.6 419.5 400.0 506.9 552.8 509.1 
31 407.8 415.7 396.6 532.2 578.5 533.6 
32 407.1 415.1 395.9 548.9 594.6 549.8 
33 406.4 414.4 395.3 563.6 609.1 563.7 
34 409.1 417.4 397.7 576.3 622.0 575.8 
35 409.0 417.6 397.6 589.6 635.4 588.5 
36 408.6 417.4 397.3 602.3 648.1 600.4 
37 407.8 416.3 396.5 614.2 662.4 611.6 
38 407.8 416.1 396.2 623.2 673.2 620.1 Failure of Column 3 
39 407.4 414.7 394.9 608.6 659A 606.3 
40 83.1 95.4 75.9 416.8 446.2 421.0 
41 -7.3 5.6 -4.2 1.3 9.2 1.5 
42 -7.8 -1.3 -4.3 0.5 1.8 0.5 

_ 43 2.4 30.4 2.2 0.2 0.0 0.3 

Table 6.3 Comparison with Different Methods to predict 
the Applied Column Axial Loads in Test 2 



Total Load in the Upper Level (kN) 
Scan Axial Load from 

Strain Gauges 
Method 

(1) 
Method 

(3) 

15 220.2 200.9 198.2 
19 729.8 674.6 676.1 
24 883.4 843.1 831.0 
38 1200.0 1148.2 1133.9 

Remark : Total Load in the Upper Level in Method (1) an 
= Beam Load + Applied Column Load 

Table 6.4 : Comparison the Total Axial Loads in the Upper Storey 

with the Results obtained from Methods (1) and (3) 



AXIAL LOAD (kN) 
COLU MN NO. 

2 3 4 5 6 7 8 9 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.2 0.0 0.3 0.0 0.0 -0.3 -0.1 0.0 
3 5.9 11.2 -4.2 5.3 14.0 -0.5 4.8 9.4 
4 12.3 24.9 1.2 21.9 41.0 4.7 16.2 26.4 
5 19.3 39.1 6.8 38.9 67.9 10.6 27.6 43.5 
6 26.3 54.1 11.9 54.6 93.0 16.2 40.1 61.9 
7 35.0 72.5 18.3 75.4 127.0 23.6 55.4 84.0 
8 39.9 82.2 21.9 83.5 139.4 27.6 59.3 88.7 
9 39.8 82.1 22.1 83.7 143.2 27.4 59.4 91.4 
10 49.7 102.5 29.3 98.7 172.4 35.5 67.6 107.9 
11 53.3 110.1 31.8 104.2 183.2 38.5 70.3 113.8 
12 60.7 125.1 37.4 115.7 205.4 44.4 76.2 125.7 
13 68.1 140.0 42.8 126.9 227.5 50.4 82.1 137.6 
14 79.1 162.8 51.6 144.6 261.3 59.1 90.7 155.4 
15 78.9 163.2 105.8 198.8 313.9 114.4 144.0 208.8 
16 79.2 163.7 166.3 259.6 373.1 179.8 209.1 1 273.3 
17 79.9 164.0 227.0 320.4 432.2 243.4 272.5 336.1 
18 80.0 164.4 302.4 395.8 505.6 303.5 332.4 395.5 
19 80.3 164.9 368.6 462.1 576.7 361.2 389.8 452.2 
20 80.7 165.6 431.9 526.0 650.6 352.1 380.9 443.4 
21 80.0 164.1 505.0 605.9 742.7 352.4 380.0 442.6 
22 80.3 164.5 521.8 622.8 763.4 346.9 374.5 437.2 
23 80.5 164.8 531.9 633.2 776.8 343.7 371.7 434.6 
24 80.3 164.7 542.2 643.7 789.2 341.2 369.4 432.3 
25 80.1 164.4 473.8 575.1 724.0 344.4 373.0 435.5 
26 80.1 164.2 471.2 572.8 721.8 409.7 438.5 500.5 
27 80.0 164.2 473.6 574.8 723.9 477.8 505.9 566.7 
28 80.1 164.0 474.1 575.9 725.3 528.3 557.5 618.0 
29 80.0 164.1 473.0 574.8 724.7 580.9 610.2 672.8 
30 79.9 163.9 471.1 573.0 723.2 611.9 641.2 709.3 
31 79.8 163.8 467.3 569.1 720.0 637.6 669.5 743.2 
32 79.8 163.6 466.7 568.5 719.6 653.7 687.2 761.6 
33 79.9 163.9 466.0 568.0 719.2 668.2 706.5 780.9 
34 80.1 164.0 469.0 571.0 722.4 681.1 722.4 803.2 
35 80.1 163.9 469.2 570.9 722.5 694.5 738.2 825.4 
36 80.1 164.0 469.0 570.7 722.8 707.2 754.0 847.4 
37 80.3 164.1 467.9 569.8 722.0 721.5 768.9 869.8 
38 80.2 164.2 467.7 569.4 721.8 732.3 781.7 890.7 
39 80.1 164.1 466.3 568.1 720.4 718.5 769.1 883.4 
40 78.7 162.6 147.4 248.6 408.7 505.3 556.5 674.0 
41 78.6 162.2 57.2 157.6 319.5 68.3 119.9 241.2 
42 35.3 74.7 24.5 87.6 182.2 31.4 85.6 171.1 

J 

43 -0.3 1.7 32.9 37.3 77.5 2.6 26.4 
E8,311 

2 

Table 6.5 : Axial Load in Columns of Frame 3 Test 2 
(Computed from Strain Gauge Readings) 



Scan Total Load (M) 
Upper Columns Middle Columns Lower Columns 

Applied Axial Applied Axial Applied Axial 
1 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.1 0.0 0.0 
3 8.8 -4.7 26.3 16.0 43.1 34.6 
4 19.1 5.9 57.5 50.4 95.2 92.3 
5 29.3 17.4 88.5 85.8 147.1 150.5 
6 39.5 28.1, 119.5 121.0 198.8 209.0 
7 52.8 41.9 159.8 165.8 265.8 283.5 
8 59.9 49.5 174.1 182.7 288.0 310.3 
9 59.9 49.5 174.1 182.9 294.4 316.7 
10 74.5 64.8 203.1 216.0 352.7 382.8 
11 79.8 70.3 213.8 227.8 374.2 407.1 
12 90.6 81.8 235.3 252.6 417.3 456.2 
13 101.3 93.2 256.7 277.1 460.2 505.1 
14 117.7 110.7 289.4 314.4 525.6 579.5 
15 198.2 220.2 370.0 421.7 605.9 685.9 
16 312.6 346.1 484.4 547.9 720.2 810.1 
17 428.6 470.4 600.4 672.8 836.3 932.3 
18 557.8 605.9 729.6 808.2 965.5 1065.5 
19 676.1 729.8 847.9 932.2 1083.8 1193.8 
20 734.6 784.0 906.5 987.6 1142.3 1259.6 
21 805.7 857.4 977.5 1065.9 1213.3 1349.4 

_ 22 816.2 868.7 988.1 1077.6 1224.0 1365.1 
_ 23 823.2 875.6 995.1 1085.4 1231.0 1376.2 

24 1 831.0 883.4 1002.9 1093.4 1238.8 1386.2 
25 773.2 818.2 945.1 1028.2 1181.0 1323.9 
26 829.6 880.9 1001.4 1091.4 1237.2 1386.5 
27 893.8 951.4 1065.6 1160.7 1301.4 1454.8 
28 946.7 1002.4 1118.5 1213.5 1354.3 1507.3 
29 1 996.7 1053.9 1168.5 1265.0 1404.3 1561.6 
30 1026.6 1083.0 1198.3 1294.1 1434.1 1596.4 
31 1047.8 1104.9 1219.5 1318.4 1455.3 1627.0 
32 1063.3 1120.4 1235.0 1335.5 1470.8 1644.8 

_ 33 1076.7 1134.2 1248.4 1354.4 1484.2 1664.0 
34 1091.1 1150.1 1262.8 1373.5 1498.6 1689.6 

_ 35 1103.7 1163.7 1275.4 1389.2 1511.2 1711.8 
36 1115.3 1176.2 1287.1 1404.8 1523.0 I 734.2 
37 1125.7 1189.4 1297.4 1419.0 1533.3 _ 1755.9 
38 1133.9 1200.0 1305.6 1431.3 1541.5 1776.7 
39 1118.8 1184.8 1290.5 1417.3 1526.3 1767.9 
40 614.3 652.7 786.0 883.8 1021.9 1245.3 

K 

41 114.9 125.5 286.6 356.1 522.5 722.9 
42 48.7 55.9 155.9 208.5 261.6 428.0 
43 7.6 35.5 7.9 63.4 9.3 162A 

Table 6.6 : Comparison of Total Applied Load and Axial Load 
in Columns above Different Storeys in Test 2 



APPLIED LOAD (kN) COMMENTS 
BEAM NO. COLUMN POSITION 

SCAN 2 3 4 5 6 2 3 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Zero load 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 8.7 8.0 8.8 8.8 8.8 0.0 0.0 Deadload 
4 18.9 18.1 19.1 19.5 19.6 0.0 0.0 'equally' 
5 29.0 28.2 29.3 30.2 30.4 0.0 0.0 
6 39.2 38.4 39.5 40.8 40.9 0.0 0.0 
7 52.3 51.6 52.8 54.7 54.4 0.0 0.0 
8 59.5 58.7 59.9 54.7 55.2 0.0 0.0 Pattern beam 
9 59.5 58.7 59.9 54.7 61.6 0.0 0.0 loading 
10 73.9 73.2 74.5 54.7 76.4 1 0.0 0.0 
11 79.3 78.6 79.8 54.7 81.8 0.0 0.0 
12 90.0 89.3 90.6 54.7 92.7 0.0 0.0 
13 100.7 100.0 101.3 54.7 103.5 0.0 0.0 
14 117.0 116.2 117.7 54.7 120.0 0.0 0.0 Columns 2&3 
15 117.1 116.1 117.6 54.7 119.8 35.2 45.4 loaded 'equally' 
16 117.1 116.1 117.6 54.7 119.7 90.6 104.4 
17 117.1 116.1 117.6 54.7 119.8 150.4 160.6 
18 117.1 116.1 117.6 54.7 119.8 226.2 214.0 
19 117.1 116.1 117.6 54.7 119.8 292.7 265.8 
20 117.2 116.1 117.5 54.7 119.7 358.9 258.2 Column 2 loaded 
21 117.1 116.1 117.5 54.7 119.7 429.8 258.4 to failure 
22 117.2 116.1 117.6 54.7 119.8 445.0 253.6 
23 117.2 116.1 117.6 54.7 119.8 454.6 251.0 
24 117.2 116.1 117.5 54.7 119.8 464.3 249.2 
25 117.2 116.1 117.5 54.7 119.8 403.1 252.6 Column 2 

loading reduced 
26 117.1 116.1 117.5 54.7 119.7 400.7 311.4 Column 3 loaded 
27 117.1 116.1 117.5 54.7 119.7 402.0 374.3 to failure 
28 117.1 116.1 117.5 54.7 119.7 402.8 426.4 
29 117.1 116.1 117.5 54.7 119.7 401.6 477.6 
30 117.1 116.1 117.5 54.6 119.7 400.0 509.1 
31 117.1 116.1 117.6 54.6 119.7 396.6 533.6 
32 117.1 116.1 117.6 54.6 119.7 395.9 549.8 
33 117.1 116.1 117.7 54.6 119.7 395.3 563.7 
34 117.1 116.1 117.6 54.6 119. 397.7 575.8 
35 117.1 116.1 117.6 54.6 119.7 397.6 588.5 
36 117.1 116.2 117.6 54.7 119.7 397.3 600.4 
37 117.1 116.2 117.6 54.16 119.7 396.5 611.6 
38 117.1 116.2 117.6 54.6 119.7 396.2 620.1 
39 117.1 116.1 117.6 5T6 119.7 394.9 606.3 Unloaded of 
40 117.1 116.2 117.4 54.6 119.7 75.9 421.0 members 
41 117.1 116.2 117.6 54.6 119.7 -4.2 1.5 
42 52.6 5 .6 52.5 54.6 54.1 -4.3 0.5 
43 0.4 

__ n.. 1 LO 5.1 -0.1 1.3 2.2 0.3 

Table 6.7 : Load History of Frame 3 Test 2 (corrected) 



APPLIED LOAD (kN) COMMENTS 
BEAM NO . 

SCAN 2 3 4 5 6 
1 0.0 0.0 0.0 0.0 0.0 Zero load 
2 0.0 0.0 0.0 0.0 0.0 
3 8.0 8.4 9.1 9.7 9.4 
4 18.2 18.5 19.4 20.3 19.8 
5 28.3 28.6 29.6 31.1 30.2 
6 38.5 38.8 39.9 41.8 40.6 
7 51.7 52.0 53.1 55.6 54.1 Dead load on each beam 
8 58.8 59.2 60.3 55.6 61.4 
9 73.3 73.7 74.8 55.6 76.1 
10 78.6 79.1 80.2 55.6 81.5 
11 89.4 89.9 91.0 55.6 92.5 
12 100.1 100.6 101.7 55.6 103.3 
13 116.4 

1 

116.8 118.0 55.6 119.7 Beams 2,3,4 and 6 
subject to design load 

14 116.4 116.8 118.0 55.6 128.3 Failure of beam 6 
15 116.4 116.8 118.0 55.6 128.2 
16 116.5 116.7 118.0 55.6 128.0 
17 78.9 79.1 80.2 55.6 80.9 
18 51.9 52. 53.0 55.6 53.6 
19 0.0__ 

1 

-0.1 -0.1 -0.1 0.0 

Table 6.8 : Load History of Frame 3 Test 3 



APPLIED LOAD (kN) COMMENTS 
B EAM N O. 

SCAN 2 3 4 5 6 
1 0.0 0.0 0.0 0.0 0.0 Zero load 
2 47.1 53.1 50.3 55.7 54.8 
3 51.9 52.0 53.2 55.6 54.1 
4 78.9 79.1 80.3 55.6 81.6 
5 116.6 116.8 118.1 55.6 119.9 
6 116.6 125.4 118.1 55.6 119.7 
7 116.6 135.5 118.1 55.6 119.7 
8 116.7 140.5 118.2 55.7 119.8 
9 116.6 145.4 118.1 55.7 119.7 Failure of beam 3 
10 116.7 145.5 118.2 84.0 119.7 
11 116.7 145.5 118.2 106.5 119.7 
12 116.7 145.5 118.2 123.5 119.7 
13 116.7 145.5 118.2 132.4 119.7 
14 116.7 145.5 118.2 137.7 119.7 Failure of beam 5 
15 116.7 145.5 121.6 137.7 119.7 
16 116.7 145.5 126.8 137.7 119.7 
17 116.7 145.5 131.8 137.7 119.7 
18 116.7 145.5 137.0 137.7 119.7 
19 116.7 145.5 141.9 137.7 119.7 
20 116.7 145.5 147.0 137.7 119.6 Failure of beam 4 
21 74.5 74.5 75.6 79.1 76.4 
22 49.2 49.2 50.2 52.5 50.8 
23 0.0 -0.1 0.0 -0.3 0.2 

Table 6.9 : Load History of Frame 3 Test 4 



APPLIED LOAD ( N) COMMENTS 
BEAM NO. COLUMN POSI TIUIIT- 

SCAN 1 2 3 4 5 6 1 2 3 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Zero load 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 9.3 8.5 8.6 8.5 8.9 8.6 0.0 0.0 0.0 

- 
Deadload 

4 19.9 18.7 18.7 18.7 19.6 19.1 0.0 0.0 T 0 'equally' 
5 30.5 28.8 28.9 28.9 30.3 29.7 0.0 0.0 0.0 
6 41.0 39.0 39.1 39.1 41.0 40.1 0.0 0.0 0.0 
7 54.7 52.2 52.3 52.4 54.9 53.5 0.0 0.0 0.0 
8 62.1 59.5 58.5 59.6 54.9 60.8 0.0 0.0 0.0 Pattern beam 
9 77.0 73.9 73.9 74.1 54.9 75.5 0.0 0.0 U. -O loading 
10 82.5 79.3 79.4 79.5 54.9 80.9 0.0 0.0 0.0 
11 93.6 90.1 90.1 90.3 54.9 91.7 0.0 0.0 0.0 
12 104.6 100.8 100.7 101.2 54.9 102.6 0.0 0.0 0.0 
13 121.3 117.1 116.8 117.5 54.9 118.9 0.0 0.0 0.0 
14 121.3 117.2 116.7 117.5 54.8 118.6 0.0 0.0 0.0 Colurnns 
15 121.3 117.2 116.7 117.5 54.9 118.6 0.0 0.0 0.0 loaded 'equally' 
16 121.3 117.2 116.8 117.5 54.9 118.6 0.0 0.0 0.0 
17 121.3 117.2 116.8 117.5 54.9 118.6 42.9 13.9 53.6 
18 121.3 117.2 116.8 117.5 54.9 118.6 96.2 42.7 105.5 
19 121.2 117.2 116.8 117.5 54.8 118.6 145.1 77.4 159.0 
20 121.2 117.2 116.8 117.5 54.8 118.6 139.1 131.7 152.8 
21 121.3 117.2 116.8 117.5 

- 
54.8 118.6 188.5 130.6 151.1 

22 121.3 117.2 116.8 117.9 54.8 118.6 241.7 130.5 149.6 Column 1 loaded 
23 

_121.3 
117.2 116.8 117.5 54.8 118.6 288.4 130.3 150.5 to failure 

24 121.3 117.2 116.9 117.5 54.8 118.6 330.8 131.3 155.7 
25 121.3 117.2 116.9 117.5 54.9 118.6 351.2 132.4 156.8 
26 121.2 117.2 116.8 117.5 54.8 118.6 375.0 134.0 153.5 
27 121.3 117.2 116.8 117.5 54.9 118.6 395.2 133.7 150.9 
28 121.3 117.2 116.8 117.5 54.9 118.6 412.6 134.4 150.0 
29 121.3 117.2 116.9 117.5 54.9 118.6 431.2 136.5 148.3 
30 121.3 117.2 116.9 117.5 54.8 118.6 442.5 138.2 146.5 
31 121.3 117.2 116.9 117.5 54.9 118.6 436.2 139.2 145.6 
32 121.3 117.2 116.9 117.5 54.9 118.6 454.8 139.0 143.6 
33 121.3 117.2 116.9 117.5 54.9 118.6 468.1 139.7 141.9 
34 121.3 117.2 116.9 117.5 54.9 118.5 

I 

457.9 142.8 141.4 Column 1 
loading reduced 

35 121.3 117.2 116.9 117.5 54.8 118.6 451 A 201.2 148.0 Column 2 loaded 
36 121.3 117.2 116.8 117.5 54.8 118.6 448.0 253.6 

--- - 
146.3 to failure 

37 121.3 117.2 116.8 117.5 54.8 118.6 445.2 ý 790 144.6 
38 121.3 117.2 116.9 117.5 54.9 118.6 442.9 302.5 143.6 
39 121.3 117.2 116.9 117.5 54.9 118.6 442.2 325.2 142.5 
40 121.3 117.2 117.0 117.5 54.9 118.6 441.2 346.9 141.3 
41 _F2 1 -. 3 117.2 116.9 117.4 54.9 118.5 440.1 367.3 1141.1 
42 121.3 117.2 116.9 117.4 54.9 118.5 438.5 388.2 141.0 
43 121.3 117.2 116.9 117.4 54.9 118.5 436.7 404.4 140.4 
44 121.2 117.2 116.9 117.4 54.9 118.5 385.0 397.5 143.4 Unloaded of 
45 121.3 117.1 117.1 117.5 54.9 118.5 -14.9 79.4 167. members 
46 121.3 117.1 117.0 117.4 54.9 118.5 -15.6 2.4 0.1 
47 1 .3 79.6 79.3 79.7 54.9 80.4 -15.8 2.4 -7.5 
48 54.4 52.6 52.3 

- 
52.7 

- 
54.9 53.2 -15.9 15.9 -7.6 

49 -0.2 3.4 5.2 
1 .0 -U. 2 0.3 -16.1 L 34.9 30.2 

Table 6.10 : Load History of Frame 4 Test 3 



AXIAL LOAD (kN) 
SCAN COL I COL 2 COL 3 COL 4 COL 5 COL 6 COL 7 COL 8 COE -9 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 1.6 5.4 9.1 10.2 20.1 30.6 2.1 6.4 10.3 
4 3.9 12.5 20.7 22.0 43.8 65.7 5.3 14.6 23.5 
5 6.7 20.1 33.8 32.7 65.6 97.5 9.0 24.1 39.0 
6 11 .0 29.5 48.3 43.6 87.1 129.3 13.5 34.2 54.7 
7 17.1 42.9 68.1 57.2 113.5 169.4 19.3 48.4 76. 
8 20.6 49.9 78.9 64.9 125.0 188.3 22.8 52.0 83.8 
9 27.5 64.2 100.4 80.2 147.8 226.2 30.5 59.6 99.3 
10 30.1 69.4 108.5 85.8 156.3 240.6 33.2 62.4 105.1 
11 35.3 80.0 124.3 97.1 173.0 268.5 38.7 68.2 116.5 
12 40.5 90.7 140A 108.6 189.7 296.3 44.2 73.9 127.8 
13 48.0 106.4 164.0 125.7 215.4 336.4 52.6 82.5 145.5 
14 47.4 105.8 163.1 125.6 215.3 335.7 52.2 82.3 145.2 
15 47.4 105.7 163.1 125.6 215.4 335.7 52.3 82.3 145.3 
16 44.3 101.5 158.5 125.6 215.6 336.0 59.6 89.7 152.5 
17 93.0 151.8 209.3 141.0 231.2 351.9 116.9 147A 210.8 
18 142.7 201.3 258.6 174.5 264.6 385.2 173.8 205.2 268.3 
19 190.2 249.0 306.2 212.7 303.1 423.2 233.0 264.6 327.6 
20 184.6 244.8 301.0 268.1 357.6 477.3 226.0 257.5 320.6 
21 233.5 292.4 349.5 267.3 357.0 478.0 223.3 254.6 317.8 
22 281.4 339.9 395.6 267.7 357.6 478.0 221.4 252.6 315.9 
23 3_25.2 383.7 443.3 268.0 358.0 479.0 222.7 253.8 316.9 
24 364.5 422.5 486.2 269.3 359.7 481.1 228.0 259.1 322.2 
25 384.2 441.3 507.8 270.7 361.2 482.7 229.1 259.9 323.2 
26 404.9 458.9 528.7 272.3 362.8 484.6 225.2 256.3 319.5 
27 429.1 477.8 550.3 272.4 362.9 485.0 222.1 253.0 316.3 
28 450.8 493.7 568.9 273.4 363.8 486.2 221.8 252.5 315.7 
29 472.4 511.7 588.9 276.0 366.4 488.9 219.3 250.0 313.4 
30 486.2 522.2 603.0 277.6 368.1 490.9 217.4 248.3 31 . 31 485.0 515.7 599.2 278.7 369.1 492.1 216.2 247.1 310.4 
32 504.9 534.1 618.9 279.0 369.5 492.8 214.0 244.8 308.2 
33 520.4 546.7 632A 280.4 370.9 494.3 212.0 242.9 306.2 
34 513.8 536.0 624.3 283.0 373.5 497.0 213.6 244.8 308.3 
35 509.0 529.8 618.2 336.0 42 6.3 552.1 218.9 249.8 313.3 
36 

_508.1 
526.6 615.1 385.6 476.3 607.5 217.3 248.1 311.8 

37 506.4 523.7 612.4 410.0 501.4 636.5 215.4 246.3 310.0 
38 504.9 521.5 610.3 432.6 524.7 664.2 214.1 24'5.1 309.0 
39 504.6 520.7 609.8 454.4 547.9 692.1 213.0 243.7 308.0 
40 -504.3 519.9 . 609.0 475.9 570.7 722.2 211.9 243.0 306.9 
41 503.9 519.0 608.1 

'495.6 
592.1 751.4 211.7 242.9 307.0 

F-42 1 503.1 517.5 606.7 513.5 610.9 778.0 212.0 243.0 307.1 
1 43 1 501.6 515.8 604.9 529.5 6271.5 807.6 211.3 242.5 306.8 

44 449.9 463.0 552.2 523.2 621.2 807.5 214.6 245A 309.9 
45 _ 91.5 106.8 191.8 210.2 310.9 498.5 239.1 270.0 333.6 
46 91.2 106.4 191.7 131.4 232.2 418.6 52.8 81.8 145.5 
47 74.6 72.5 140.6 86.5 167.1 309.9 35.7 65.6 110.7 
48 61.0 46.8 101.7 88.3 154.2 267.4 22.6 53.0 83. f- 
49 31.6 -5.6 22.3 41.1 1 49.0 107.1 32.6 34.5 1 36.2 

Table 6.11 : Axial Load of Frame 4 Test 3 



Scan Total Load (kN) 
Upper Columns Middle Columns Lower Columns 

Applied Axial Applied Axial Applied Am;, 
1 0.0 0.0 0.0 0.0 0.0 0.0 
2 0.0 0.0 0.0 0.0 0.0 0.0 
3 17.8 13.9 35.2 31.9 52.4 50.0 
4 38.6 31.2 76.9 70.9 114.7 109.9 
5 59.4 48.4 118.5 109.8 177.1 170.3 
6 80.1 68.1 160.1 150.8 239.3 232.3 
7 107.1 93.6 214.2 1 204.8 320.0 313.7 
8 121.7 108.3 236.1 226.9 355.4 351.0 
9 151.1 138.2 279.9 271.6 429.3 U5.9 
10 162.0 149.1 296.2 288.1 456.5 454.2 
11 183.9 171.1 328.9 321.2 510.7 509.3 
12 205.8 193.3 361.5 354.3 564.8 564.5 
13 238.8 226.3 410.8 404.3 646.5 645.9 
14 238.8 225.2 410.8 403.4 646.1 644.0 
15 238.8 225.3 410.9 403.4 646.2 644.1 
16 238.8 229.5 410.9 406.8 646.3 647.0 
17 349.2 350.9 521.3 530.4 756.7 772.0 
18 483.2 491.0 655.3 671.1 890.7 912.1 
19 620.2 635.9 792.2 816.7 1027.6 1057.0 
20 662.3 678.7 834.3 859.9 1069.7 1098.9 
21 709.0 724.1 881.0 904.0 1116.4 1145.3 
22 760.6 770.5 932.6 950.1 1168.0 1189.5 
23 808.0 815.9 980.0 995.5 1215A 1239.2 
24 856.6 861.8 1028.6 1041.3 1264.1 1289.5 
25 879.2 884.0 1051.3 1062.4 1286.8 1313.7 
26 901.2 902.4 1073.2 1078.0 1308.6 1332.8 
27 918.6 923.6 1090.7 1 1093.7 1326.1 1351.6 
28 935.8 946.0 1107.9 1343.3 1370.8 
29 954.8 967.7 1126.9 1128.1 1362.4 1391.2 
30 966.0 981.2 1138.0 1138.6 1373.5 1405.5 
31 959.8 979.9 1131.9 1131.9 1367A 1401.7 
32 976.2 997.9 1148.3 1148.4 1383.8 1419.9 
33 988.5 1012.8 1160.6 1160.5 1396.1 1432.9 
34 980.9 1010.4 1153.0 1154.3 1388.4 1429.6 
35 1039.4 1063.9 1211.4 1205.9 1446.9 1483.6 
36 1086.7 1111.0 1258.7 1251.0 1494.1 1534.4 
37 1107.6 1131.8 1279.6 1271.4 1515.0 1558.9 
38 1127.8 1151.6 1299.9 1291.3 1535.4 1583.5 
39 1148.7 1172.0 1320.8 1312.3 1556.3 1609.9 
40 1168.2 1192.1 1340.3 1333.6 1575.9 1638.1 
41 1187.2 1211.2 1359.3 1354.0 1594.7 1666.5 
42 1206.4 1228.6 1378.5 1371A 1613.9 1691.8 
43 1220.2 1242.4 1392.3 1385.8 527.7 1719.3 
44 1164.5 1187.7 1336.6 1329.6 1572.0 1669.6 
45 470.4 540.8 642.4 687.7 878.0 1023.9 
46 225.6 275.4 397.6 420.4 633.1 755.8 
47 141.1 196.8 275.6 305.2 435.3 561.2 
48 99.5 1 171.9 207.0 254.0 312.5 452.8 
_ 49 48.8 1 105.3 52.0 77.9 52.1 165.6 

Table 6.12 : Comparison of Total Applied Load and Axial Load in 
Columns above Different Storeys in Test 3 of Frame 4 



APPLIED LOAD (kN) COMMENTS 
BEAM NO. COLUMN POS ITION 

SCAN 1 2 3 4 5 6 1 2 3 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Zero load 
2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
3 9.0 8.7 8.2 9.5 8.7 8.8 0.0 0.0 0.0 Deadload 
4 19.6 18.9 18.3 19.7 19.4 19.2 0.0 0.0 0.0 tequallyt 
5 30.2 29.1 28.5 29.9 30.1 29.6 0.0 0.0 0.0 
6 40.8 39.3 38.7 40.1 40.8 40.0 0.0 0.0 0.0 
7 54.4 52.5 51.9 53.4 54.7 53.4 0.0 0.0 0.0 
8 54.4 59.7 59.0 53.4 62.2 1 60.7 0.0 0.0 0.0 Pattern beam 
9 54.4 74.2 73.5 53.4 77.4 75.4 0.0 0.0 0.0 load 
10 54.4 79.5 78.9 53.4 83.0 80.8 0.0 0.0 0.0 

[-11 54.4 90.3 89.6 53.4 94.2 91.7 0.0 0.0 0.0 
12 54.4 101.0 100.3 53.4 105.4 102.5 0.0 0.0 0.0 
13 54.4 117.3 116.5 53.4 122.4 1 118.9 0.0 0.0 0.0 
14 54.4 117.4 116.5 53.5 122.5 118.8 0.0 0.0 0.0 
15 54.4 117.5 116.6 53.5 122.5 118.8 0.0 0.0 0.0 Column 3 
16 54.4 117.4 116.5 53.6 122.4 118.7 0.0 0.0 46.6 loaded 
17 54.4 117.4 116.5 53.6 122.4 118.7 0.0 0.0 123.8 to failure 
18 54.5 117.5 116.5 53.6 122.5 118.8 0.0 0.0 79.2 
19 54.5 117.5 116.5 53.7 122.5 118.8 0.0 0.0 131.0 

1 20 54.4 117.5 116.5 53.6 122.5 118.7 0.0 0.0 185.2 
[-21 

P 

54.4 117.4 116.5 53.6 122.4 118.7 0.0 0.0 239.2 
22 54.4 117.5 116.5 53.6 122.5 118.7 0.0 0.0 294.0 
23 54.4 117.5 116.5 53.7 122.5 118.7 0.0 0.0 350.4 
24 54.4 117.5 116.5 53.7 122.5 118.8 0.0 0.0 406.5 
25 54.4 117.5 116.5 53.6 122.5 118.7 0.0 0.0 458.2 
26 54.4 117.5 116.5 53.6 122.5 118.7 0.0 0.0 480.0 
27 54.4 117.5 116.6 53.7 122.6 117.8 0.0 0.0 38.6 Unloaded of 
28 54.4 52.9 

- 
T2.0 

' 
53.6 54.7 52.2 0.0 0.0 32.5 members 

29 0.0 1 6 
.0 .01 0 .01 0.0 0.0 0.2 1 - 0.0 0.0 1 61.0 

Table 6.13 : Load History of Frame 4 Test 4 
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Figure 6.2 : Frame 4 viewed towards the Balcony 
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Figure 6.21: Total Axial Load against the Column Head Moments at Three 
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Figure 6.29: Total Applied Load against Bending Moment on Beam 2 
in Tesi 3 of Frame 4 
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Figure 6.30: Total Applied Load against Bending Moment on Beam 3 
in Test 3 of Frame 4 
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Figure 6.46: Total Axial Load against the Mid-Height Column Moments at Three 
Lifts of the Central Column (Position 2) in Test 3 of Frame 4 
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Figure 6.51 : Moment Rotation Curve for Test 2 of Frame 3 
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Figure 6.53 : Moment Rotation Curve for Test 3 of Frame 4 
(Internal Joints B, D and F) 
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Figure 6.54 : Moment Rotation Curve for Test 3 of Frame 4 

(Internal Joints G, I and K) 
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Chapter 7 

Behaviour of a SYmmetrical 

Frame with End-Plate Connection 

7.1 Introduction 

Frame 5 was the last of the series of full scale tests and was designed and tested by BRE 
[7.11. The objective of this test was to enable the different effects of the two different sizes 
of beams and end-plate connections on the behaviour of the structure to be investigated. 

The frame is introduced and the test set up described. After the loading tests are discussed, 

the test to failure are analysed in detail and the total axial resistance in the columns are 

compared Design Code predictions. 

7.2 Test Configuration 

Frame 5, shown in Figure 7.1, was a three storey structure of approximate overall di- 

mension 10 m wide x 11 rn high. Figure 7.2 shows the general arrangement of this frame 

and identifies the joint nomenclature. 

The frame was constructed using 152 x 152 UC 37 sections for the columns. Each 

column has a 554 mm upstand, which facilitates load application through a jacking system. 
The thickness of capping plate was 10 mm. Two sizes of beams are adopted for each bay - 
254 x 146 UB 37 sections for the beams in the left hand bay and 254 x 102 UB 28 sections 
for the beams in the right had bay (as viewed in Figure 7.2). The reason for using beams of 
different sections for each bay was to enable them to be designed for a different load level 

and thus alternative connections could be adopted. The larger section beams were then 
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designed to have flush end-plate connections (joint A to F) whilst the smaller section of 
beams were designed with extended end-plate connections (joints G to L). Details of the 

connections used are shown in Figure 7.3. All the columns bad a fixed base detail with 
heavy base plates bolted to the laboratory floor through the existing grid of holes spaced 
at 381 mm centres. 

As in the two Sheffield frames [7.2], frame 5 had no stiffeners in the column. The frame 

was tested in-plane and in a non-sway condition using the bracing system as for frames 1 
to 4. In common with the other frames tested, stiffeners were used at the loading points in 

all beams in order to prevent web buckling due to applied loads. The load configuration of 
the previous frames was again adopted for frame 5. 

Each beam was loaded at its quarter and three-quarter points using the loading system 
similar to that described in the chapter 4. A pattern of beam load was applied in incre- 

ments to a pre-determined value and column loads were then applied, by using displacement 
to control the hydraulic system, to fail the central column (Test 17). A detailed descrip- 

tion of the instrumentation is recorded in the reference [7.3] and also presented in chapter 4. 

7.3 Tests for Frame 5 

A total of 14 tests were conducted on this frame and Table 7.1 gives a simple description 

of each individual test. The tests on this frame can be divided into 3 stages. 

1. Stage I: Preliminary Testing 
Low loads (below 10 kN) were applied to each beam individual in order that the 
instrumentation and equilibrium could be checked carefully. 

2. Stage 2: Loading Test 
Two series tests are included in this series. In the first series, a load of 50 kN 
was applied to each beam individual. In the second stage, loads of about 80 0 

were applied to two beams at each storey. 

3. Stage 3: Test to Failure 
Loads up to about 200 0 were applied. Column load was then applied at the 
head of the central column to cause the failure of the frame. 

A description of the loading history for each test and the checking for each device and 
strain gauge is included in tabular form as presented in the progress report no. 8 [7.4]. 
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7.4 Loading Tests 

A study of the different pattern loads, including load applied to each beam individu. 

ally and load applied to all beams together, was studied in frame 2 as discussed in chapter 
5. The results showed that a higher value of the mid-span deflection was recorded when 
loads were applied to each beam individually due to lesser restraint provided by the ad- 
jacent beam. However, the values recorded are significantly lower than those for a simply 
supported beam. The author has investigated in greater detail how the different pattern 
loads affect the behaviour of frame. Frame 5 contained a series of tests under individual 
beam loads, loads applied to the pair of beams at each floor level and all beams loaded 
together. Thus a more detailed comparison can be made together with the value computed 
for a simply supported beam with the same level of applied loads. 

The mid-span beam deflection of a simply supported beam was computed and com- 
pared with the test results. Table 7.2 shows the mid-span deflection of beams under different 

pattern load conditions under total beam loads of 50 W. It is clear from this table that the 

mid-span deflection recorded in the second stage of first series tests are generally slightly 

greater than those recorded in other pattern load tests the exception being beam 1 due 

to lack of the restraint by the columns extended above. This is due to reduced restraint 

provided by the adjacent beam when compared with other pattern loading tests. In fact, 

the column deformation and rotation due to loads applied to the storey above (test 17) will 

affect the mid-span beam deflection. However, the differences are quite small when they 

are compared with magnitudes of the deflections induced in each storey (the second stage 

of second series tests). As a result, deflection determined in the second stage of first series 
tests (beam loaded individually) should be considered for the beam deformation check in 

the serviceability limit state. 

The n-Lid-span deflection of 7.6 mra in beams I to 3 and 10.5 mm, in beams 4 to 6 are 
computed from a simply supported beam with the same applied loads. It is noted in Table 
7.2 that the actual values are between 4.5 to 4.9 mm for beams I to 3 and 4.3 to 5.7 mm 
for beams 4 to 6. A minimum reduction of 40 % was determined for all beams in tests. It 
implied that the potential savings to be incorporated in semi-rigid action than the simple 
design method. A fully examine the existing approaches to predict the mid-span deflection 
in serviceability together with the proposed method will be discussed in chapter 10. 

Column design in a simply multi-storey frame is covered by BS 5950 : part I clause 
4.7.7 [7-5]. This clause clearly states that in a structure of simple multi-storey construction 
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it is not necessary to consider the effect on columns of pattern loading. For the purpose of 

column design, 0 beams supported by a column at any one level may be assumed to be 

fully loaded. Clause 4.7.1 recommends that the column head moment is the eccentrically 
induced moment. However, the semi-rigid action causes the transfer of moments from the 
beam through to the column which vary for different pattern loads. A more detailed in- 

vestigation of the axial resistance for the column using different methods to determine the 

column head moment will be presented in section 7.5.6. 

Table 7.3 records the beam moments in stages 2 and 3 tests at load levels of about 
50 M. A comparison of the frame moment can thus be made for different load patterns. 
It can be observed that similar moments were attracted to both ends of each beam when 
the beams were loaded individually (second stage of first series test) whilst higher moments 
were attracted to the beam ends near the internal joints in the second stage of second series 
tests due to larger restraint provided by the adjacent beams. When the beam moment 
determined in the second stage of second series tests are compared with the values deter- 

mined in stage 3 test (test 17) under load together with same applied load, it is observed 

no significant difference. 

At the total applied load of 50 kN in a beam, the free bending moment is determined 

as 31.0 kNm. For the test frame, moments were attracted to connections due the stiffness 

of end-plate leading a reduction in the mid-span moment. The results shown in Table 7.3 
indicate that beam ends with flush end-plate connection sustain a minimum of 17 % free 
bending moment and 25 % for the extended end-plate connected beams. It further confirms 
the potential saving to be taken accounting the semi-rigid action than the simple design 

method. 

7.5 Test of Failure 

7.5.1 Test Observations 

Test 17 was used to investigate the behaviour of the frame up to the failure of the cen- 
tral column in the non-sway mode under a combination of beam and column loads. After 

one scan of readings was taken at zero load, load was applied to all beams up to about 
200 0 in 25 increments. The central column in position 2 was then axially shortened by 

I mm increments (corresponding about 50 kN) and finally 0.2 mm (corresponding 10 M 
increments) up to failure of that column. At scan 32 the column was accidentally unloaded 
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- the column was then reloaded to about 350 kN in one increment. Failure occurred in scan 
38 with a record of applied column axial load of 490 kN. After failure of that central column, 
the axial displacement applied to all columns was released and all the beams unloaded in 

30 kN increments. Table 7.4 summarises the load levels applied to the beams. 

The axial load in each column lift during the test, as determined by the strain gauges, 
is recorded in Table 7.5. A comparison of the applied beam and column loads in each 
storey and the axial load measured in the columns at this level is shown in Table 7.6 and 
low discrepancy of the axial load with a maximum value of 4% was determined up to scan 
38 (failure of the central column). A large discrepancy was determined after that due to 

either irrecoverable deformation of the steel section due to yield of the material or to dam- 

age of the strain gauges after failure of the central column. The correlation between loads 

calculated from the measured applied loading and these determined from the strain gauges 
reading indicates that the instrumentation was working correctly. 

7.5.2 Bending Moments on Beams 

Figures 7.4 to 7.9 show the load against moment plots for all six beams in test 17. The 

value of load plotted on the vertical axis is the sum of both loads on the beam as measured 
by the load cells in the loading rods. All joints attracted significant moment due to the 

stiffness of connections. For moderate loads, non-linear curves were obtained for all beams 

at the beam ends due to the connection response and consequently all the load moment 
relationships were non-linear. 

Figure 7.10 shows the distribution of moment in beam 3 as the applied beam load 
increased. This figure displays the bending moment distribution for scans 5,10,15,20 and 
25 which cover the beam loading phase. At the load level corresponding to the design load 

of the beam, the connections sustained about 22 % of the free moment in beams I to 3 and 
46 % in beams 4 to 6. It is showed in Table 7.7 that the internal joints attracted higher 

moments than the external one. 

7.5.3 Relationship of Load-Deflection in Beams 

Figure 7.11 shows a single plot of load against deflection curve for all six beams, thus 
the deflection for each bay of beams could be compared. in this test frame, beams I to 3 

used a larger section and a comparable weaker flush end-plate connection than beams 4 and 
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6. All curves shown follow a slightly non-linear route up to the end of the beam load phase 
(the maximum total applied load). After that, an increase in the mid-span deflection for 

each beam was observed as load was applied to column 2 whilst the applied beam load were 
maintained at constant value. As discussed in chapter 6, the failure of the columns required 
either further rotation or relaxation of the connection with an increase of the mid-span 
deflection of the beam. Deflections of 18 to 23 mrn were observed in beams I to 3 and 23 
to 27 mrn in the remaining beams in which they were under their design load and before 
the application of any column axial load. 

7.5.4 Bending Moment Distribution around the Frame 

Figure 7.12 shows the distribution of bending moments around the frame. In this fig- 
ure, the moments at two levels of load are plotted on the same graph in order to compare 
the variation of frame moment at different locations and at various levels of loads. Scan 
number 25, which corresponds to the end of the beam load phase (design load) and scan 
number 38 which corresponds to the failure of the central column, are plotted. The upper 
stories of two external columns 1 and 7 were subjected to quite high moment and thus 
caused considerable deflection (Figure 7.16). 

Figure 7.13 illustrates a frame moment diagram in scan 38 and clearly shows that with 
the application of the column axial load, there was a reduction of the column moment. This 
is largely attributed to the development of plasticity within the column due to the increased 

axial load and the consequent increase the rotation of the end of column. The shedding 
of moments from joints F (Figure 7.6) and K (Figure 7.9) to the beam spans provided an 
evidence of this phenomenon. A detailed analysis for the change of the column moment 
during the test will be discussed in next section. 

Figure 7.14 shows the moment distribution at the intersection of the beam and column 
at the end of beam load phase. Most of the intersection points indicated the apparent 
out-of-balance with a maximum of 16.43 kNm. This out of balance is probably due to the 

additional moment induced at the column centreline by the eccentricity of the beam end 
reaction. A detailed analysis of the test to failure will be discussed in section 7.5.6. 
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7.5.5 Deflected Shape of the Frame 

Deflections were recorded at the mid-span, quarter and three-quarter points of the 
beams and the mid-height of the columns. Figure 7.15 shows the deflection of the frame 
of two different load levels, corresponding to the scans as described in Figure 7.12 of sec- 
tion 7.5.4 and Figure 7.16 show the frame deformation diagram in scan 38. There is no 
significant change in the mid-span deflections for beams and nor of the columns during the 
application of the column load. 

7.5.6 Failure of Column in Position 2 

Figures 7.17 to 7.19 show the major axis moment at three locations (1/4 point, mid- 
height and 3/4 point) in column lifts 4 to 6 (the central column) plotted against the re- 
spective total column axial load measured from the strain gauge sections. It is evident 
from these plots that the major axis moment of all three columns shows no change of the 

stiffness associated with a column subjected to beam load only. During the application of 
the column axial load very little change of moment was observed. It is evident that column 
6 experienced a sudden loss of stiffness measured as change in moment per increment of 

applied column load, showing that the column had failed (see Figure 7.19). Undoubtedly, 

the curves of load against moment on the head of columns 4,5 and 6 shown in Figure 7.20 

exhibits the failure of that column. It is noted in this figure that only column 6 exhibited a 

sudden loss of stiffhess whilst other columns show no significant change of moment at failure 

indicating failure in the bottom section. Figure 7.21 shows the deflection in three locations 

of column 6 against its total axial load. The mid-height deflection in that column exhibits a 

sudden loss of stiffness with a maximum recorded value of 1.3 mm. in lowest segment. This 

confirms that failure occurred of the column in position 2- column 6. 

Failure was deemed to have occurred when the central column was unable to sustain a 
steady axial column load. As the failure was approached, the recorded applied column head 
load was 490 kN and the strain gauged cross sections gave the total axial load in columns 
4,5 and 6 as 725 M, 944 kN and 1093 kN respectively. These values agree quite wen with 
values of 705 M, 893 kN and 1100 kN as computed from the applied column head load 

of 490 kN plus half of the loads applied to each connecting beam above the section. A 
dose inspection of the strain gauge reading after the test further confirmed that failure had 

occurred in the column in the bottom lift (column 6). 

The axial resistance predicted by BS 5950: part 1 clause 4.8-3.3 [7-51 for the central 
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column has been calculated and is given for three different assumptions of the co-existing 
moment in Table 7.8. In case 1, the moment is the eccentrically induced moment recom- 
mended by clause 4.7.1 i. e. half the beam load times half the column depth plus 100 mm. 
Case 2 used for the difference of the beam end moment measured in the test at scan 38. 
Finally, case 3 used for the column end moment measured in the test at scan 38. Different 

effective length ratios were assumed and used to compute the axial resistance of the central 
column. Value of 1 and 0.85 were considered for columns 4 and 5, with values of 0.85 and 
0.7 being adopted for column 6. 

For the lowest storey, the simplified approach in clause 4.8.3.3.1 calculated the maxi- 
mum axial load in case I as 1147 kN based on the effective length factor of 0.85. This is 

about 5% more than the measured axial load whilst in case 2, which uses the difference of 
beam moment, the calculated load was 1052 M, about 96 % of the actual load. A predicted 
value of 1099 kN was determined in case 3, which used the test moment in the column head 

and was 1% higher than the axial load determined from the strain gauges in the column. 
Using the effective length factor of 0.7 to repeat the predicted failure load due to lesser 

restraint to be taken account, higer ultimate capacity was thus determined (Table 7.8). A 

same conclusion is drawn. 

Also on Table 7.8, the ultimate capacity determined for a pin ended column under 
axial load Ppi,, only is recorded. The failure load of lowest column lift occurs at a value 
of 1093 kN and a similar result of the Ppi,, value is determined. It further supported the 

apin approach [7.6] which is indicated that the beneficial effect of restraint provided by the 
beams through the semi-rigid connection outweighs the disadvantage effect of the moment 
transmitted through the connection. As other two column lifts (column 4 and 5) did not 
attain failure, no comment was drawn. 

The above method only concentrated to adopt assumed effective ratios to predict the 

ultimate capacity of columns. Taking into account the semi-rigid action of the connection, 
a new design approach to predict the effective length ratio is suggested and this method is 
fully examined using the results of frames 3,4 and 5 in chapter 10 
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7.6 Moment Rotation Behaviour in Joints 

7.6.1 General Behaviour of Connections 

The behaviour of a beam-to-column connection is dependent on a number of different 

parameters including the type of connection, the grade of steel, the size of the beam and 
the column and the axis of bending. The behaviour of the connection is best illustrated by 

the relationship between the moment transmitted by the connection and the corresponding 

rotation. As in frames I and 2, two types of connections, flush end-plate and extended 
end-plate, were used in this frame. The moment rotation curves will be compared with the 

results determined from reported by Chakrabti cruciform joint tests [7.7] but with a lower 

initial stiffness and moment capacity. 

7.6.2 Discussion of Results 

1. Flush End-Plate 

Figures 7.22 and 7.23 show the moment rotation plot for the connections in the external 
column (joint A, C and E) and internal column (13, D and F). The curves of joints A and C 
(Figure 7.22) show a similar in form response to the cruciform test result. The unloading 

stiffness was observed to be sensibly parallel to the initial stiffness. Joint E showed a lower 

initial stiffness up to a moment of 10 kNm due to the lack-of-fit in the joint, but it started 
to pick up more moment after that. It is noted in Figure 7.23 that the behaviour of the 
joints B, D and F matched quite well with the response obtained from the joint tests. They 

show very similar response to the cruciform test results. 

2. Extended End-Plate 

The moment rotation curves of the extended end-plate connections are shown in Fig- 

ures 7.24 and 7.25. The behaviour of the extended end-plate connections had significantly 
higher stiffness and sustained higher moment than the flush end-plate connections. Joints 
G, I and K, shown in Figure 7.24, performed consistently with an almost identical initial 

stiffness and matched well with the response obtained from the joint test. The behaviour of 
joint G developed a result almost coincident with the joint test with a maximum sustained 
moment of 65 kNm. Other joints showed a slightly lower sustained moment of 55 kNm. But 
this is irrelevant if it merely indicates that they were not called up to carry higher moments. 
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The instrumentation for which joints J and L response was obtained developed a fault, 

a usable curve was only determined in joint H from the external column of the extended 

end-plate connections (Figure 7.25). This joint was observed to fall below the joint test 

result and sustained a quite low moment of 56 kNm as explained above. 

7.6.3 Loading and Unloading Stiffness 

Loading and unloading stiffness of connections are determined for the slopes as deter- 

mined from Figure 5.23 and the results are recorded in Table 7.9. A low initial stiffness 
determined from some joints were thought due to lack-of-fit in the connections. After that 

the connection stiffness increased to a higher value with increase in the applied load. This 

may be due a closing of the gap between the column flange and the end-plate as the connec- 
tion loaded. Thus a maximum stiffness in the loading stage for each joint was determined in 

order to compare it with the initial and unloading stiffnesses. The results, shown in Table 

7.9, that indicated similar maximum and unloading stiffnesses were observed in most of the 
joints. The internal joints show a slightly larger stiffness than the external joint. A detailed 

explanation of the connection behaviour will be presented in chapter 9. 

7.6.4 Comparison of the Connection Moment to the Rigid Moment 

The behaviour of connections play an important role in the design of a steel frame 

and it is interesting to compare the test moments in the connections to those expected in 

a rigid frame. A rigid jointed plane frame analysis program, developed by Dr Burgess in 

the University of Sheffield, was used to determined the connection moment for an identi- 

cal fully rigid frame. The value of the elastic modulus, yield stress and section properties 

were obtained from reference [7.1]. Two levels of loads are considered in this study. Scan 

number 12 corresponds to the level of load in the maximum elastic region - this point was 
determined from the behaviour of the load-deflection (Figure 7.11) and the moment rotation 

responses (Figures 7.22 to 7.25) in test 17 - and scan 25 which corresponds to the end of 
the beam load phase (design load). The connection moments obtained in the test and the 

predictions at two loadings are listed in Table 7.10. 

It is dear to note that the flush end-plate connections attracted an average of 47 % 

of the rigid moment in scan 12 whilst a slightly lower ratio of 33 % in scan 25. Extended 

end-plate connections show a higher stiffness with an average of 70 % rigid moment in scan 
12 and 77 % in scan 25. The ability of extended end-plate of this type considered in this 
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frame to function as rigid appears highly questionable. 

Analysis of the results of frames I and 2 where thick end-plates with column stiffeners 
were employed and the results showed that the extended end-plate connection used could 
be regarded as 'rigid'. Here lighter end-plate without column stiffener were used, the sort 

commonly regarded as being capable of transmitting shear only. If the extended end-plate 
joints have regarded as semi-rigid, the additional fabrication required, together with the 
inconvenience of using a joint that extended beyond the beam depth, would seem to point 
to change to a flush end-plate arrangement. 

7.7 Connection Moment and Bolt Forces 

7.7.1 Objectives 

The use of semi-rigid partial strength connections in a steel frame requires the forma- 

tion of a plastic hinge within the connection at loads less than the factored design loads. 

The philosophy adopted in the design method is to allow each bolt row to attain its de- 

sign strength i. e. resulting in progressive yielding of the connection. Existing methods to 
design a frame with end-plate connections to the column flange, it is assumed that the 

centre of rotation is in line with the compression flange of the beam. The distribution of 
tensile strain due to moment is assumed to be linear. This phenomenon is clearly shown in 

the analysis of the previous frames in section 5.6.7. The study in frames I and 2 showed 
that most of the tension force was sustained in the top row of bolts of the flush end-plate 
connection with very small compression or tension force observed in the lowest row. For 

the extended end-plate connection, the middle row sustained a highest tensile force. As 

the flush end-plate connections, the lowest row attracted the lowest tensile or compression 
force. As a result, the bolt force could be computed for each row using this approach. It is 

also shown by frames I and 2 that the connection attains its ultimate limit state when the 

uppermost bolt row for the flush end-plate connections and middle row for the extended 
end-plate connections reach their design strength. Thus they are most critical in design. 
The aims of this study are to further investigate the distribution of the bolt force during 

the tests. 

Figures 7.26 to 7.37 present the resulting moment bolt force plots for each bolt of the 

connections in test 17. All six bolts in each connection are plotted in a single graph in order 
to compare the distribution of the axial force in each bolt for a connection during the test. 
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Joints A to F used the flush end-plate connections and joints G to L used the extended 
end-plate connections in frame 5. The position of these bolt rows in flush end-plate and 
extended end-plate connections was defined as Figure 5.3. Tables 7.11 and 7.12 give the 

average maximum recorded bolt forces in each row in this test. The results for the internal 

and external joints for each type of connections will be discussed separately in next section. 

7.7.2 General Discussions 

1. Flush End-Plate Connections 

(a) External Joints A, C and E 
Examination of the plots of joint A (Figure 7.26), bolts I and 4 (top row) 
show a linear response of bolt force vs moment up to moment of 12 kNm, 

after which the plots varied non-linearly for the corresponding moment in- 

crements. Other bolts had shown a linear response with increase of their 
connection moment in the test. It is noted that the maximum tensile force 

was observed in the top row (TI) with a record of 57 kN whilst the second 
row sustained a much lower value of 17 M. As frames 1 and 2, the lowest 

row (T3) sustained a lowest tension force of 7 M. For joint C (Figure 7.27), 

a similar response was observed in all bolts. It is interested to note that 
in this joint, bolt 3 was initial subjected to a compression force up to the 

connection moment of 8 kNm. After that it changed to become subjected 
to a tensile force. The initial compression forces in the bolts may be due to 

release of some tension from pre-load of bolts. It perhaps due to lack-of-fit 

of connections. All the bolts in Joint E (Figure 7.28) are subjected to tensile 
force (see Table 7.11). 

(b) Internal Joints B, D and F 
First consider the upper joint B (Figure 7.29), the average axial force for 

rows 1,2 and 3 was recorded in Table 7.11. It is noted that an increase 
in the axial force for all bolts without increase of the connection moment 
occurred at a recorded moment of 31 kNm. This implies that this joint al- 
ready attained its ultimate limit state as a plastic hinge had formed in the 
connection. The moment rotation plot in joint B (Figure 7.29) reinforced 
this point. 
All bolts in joint D (Figure 7.30) gave a linear response up to about the con- 
nection moment of about 16 kNm after which non-linearity occurred. The 
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lowest row of bolts was first subjected to small compression up to connec- 
tion moment of 21 kNm and changed to under tensile force after that. The 

maximum axial force in TI, T2 and T3 was 64,15 and 6 M. 

Finally, all the bolts in joint F (Figure 7.31) were subjected to tension with 
a record of 66,22 and 19 kNm in three rows. 

2. Extended End-Plate Connections 

(a) Internal Joints G, I and K 
Consider the behaviour of the upper joints G (Figure 7.32), it is noted that 
the top row T2 (bolts A and B) sustained a highest tensile force of 65 kN 

whilst a slightly lesser tension of 52 kN was observed in T, (bolts C and D). 
Bolts E and F in the lowest row were subjected to a low tensile force of 3 
M. 
All the bolts in joints I and K (Figures 7.33 and 7.34) had shown a same 
behaviour with a quite similar force sustained in two top rows. The bottom 

row was observed under a very low tensile force and the value can be negli- 
gible. 

(b) External Joints H, J and L 

Turning to discuss the external joints H, 3 and L (Figures 7.35,7.36 and 
7.37), they show a similar response to the internal joints in the test. Due to 
fault developed in bolt 6 of joint L, no usable result is discussed. However, 
it is not deemed to effect for this study. 

7.7.3 General Behaviour of Bolts in Different Connections 

For the test results shown in Table 7.11 that the upper row of the flush end-plate con- 
nection was used to sustain most of the tension force, the middle row may sustain lesser 

tension force. The lowest row T3 was used to transfer lowest tension or even compression 
force to the column flange. The distribution of strain was not with rotation about far from 

a triangle. It reinforced that in section 7.7.1, the connections attain their ultimate limit 

state when the uppermost bolts reach their design strength and thus they are the most 

critical in design. 

A difference was found from the extended end-plate connection. It is noted that in 

Table 7.12 T, was observed under a very similar tension but slightly higher value than T2 
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in connections G, J and L. The lowest row was used to sustain a very low axial force. Con. 

nections H and K were subjected to a similar tension in T, and T2. As discussed in chapter 
5, due to the larger restraining force provided by the adjacent beam in internal column, the 
bending of the connection was different. The larger bolt force in the upper row of connec. 
tion I was thought due to increasing bending in the top of plate. As the result, the middle 

row T, for the extended end-plate is more critical for design. A detailed explanation of the 

philosophy and methods for the end plate connection design will be discussed in chapter 10. 
The EC 3 annex J method [7.8] to predict the M-ý characteristics for the end-plate connec- 
tion will be examined and the predictions are compared with the frame and joint test results. 

7.8 Concluding Remarks on the Study 

This study has considered a full scale two dimensional frame test and column capacity 

calculated used the method outlined in BS 5950 Part 1. The load applied to individual 

beams were observed a larger mid-span beam deflection than other load combinations in 

this instant. Thus it is suggested that this type of pattern load should be considered for 

the beam deformation check in the serviceability limit state. 

The tests illustrated that the rotational stiffness of the end-plate connection signifi- 

cantly influences the distribution of moments around the frame, leading to a reduction of 
beam deflections when compared to traditional pinned joint concepts. The semi-rigid ac- 
tion transfers large moments from the beam through to the column. Thus, it increases the 

moments and the deflection of the column relative to the same member with true pinned 

connections. 

When utilising the semi-rigid joint effect, part of the mid-span moment is transferred 

to the column. Hence, a smaller mid-span beam deflection will be encountered. In addition, 
the reduced mid-span moment can allow larger applied beam moments to be carried or the 
beam size may be reduced with a consequent improvement in economy. 

Although flush end plates are usually consider to operate in shear only, they can be 

classified as semi-rigid. The stiffness observed indicates that the significant reductions in 
beam span moments and deflections are observed. However, the moments at beam end 
are significant lower than rigid moment. Rom frames I and 2, thicker end-plate with the 

column stiffeners adopted in the extended end-plate connection, this connections used could 
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be regarded as rigid. Frame 5 used thin end-plate without column stiffeners in the connec- 
tions, the joint response is similar to semi-rigid. It indicates that the behaviour of extended 

end-plate connections variety dependent on the different design conditions i. e. thickness of 
plates and are not all suitable classified as 'rigid'. If extended end-plate joints have to be 

regarded as semi-rigid, the additional fabrication required, together with the inconvenience 

of using a joint that extended beyond the beam depth, would seem to point to change to a 
flush end-plate arrangement. 

There was significant non-linearity in some of the M-0 curves obtained which in part 
may be due to lack of fit occurring in connections. The maximum stiffness in the loading 

stage was found parallel to the unloading stiffness. 

Observed behaviour was always superior so that predicted by BS 5950 Part 1, take 

clearly demonstration that exploitation of semi-rigid joint action will lead to economies in 
design. Taking into account the semi-rigid action, a new approach for the non-sway column 
design will be proposed and examined in chapter 10. 

The result of the frame tests are compared with the prediction of in house finite element 
analysis programs in chapter 8. The method presented in EC 3 annex J to predict the M-0 

characteristics for end-plate connections will be examined and new design methods for the 
laterally restrained beams in serviceability and ultimate limit states will be developed and 

checked using all test results as addressed in chapter 10. 
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Stage Test Data 
File 

Load 
Position 

Loaded 
Members 

Max. 
Load 

No. of 
Increments 

I I BREI. DAT 1/4 pts. BEAM 3 10 kN 7 
1 2 BRE2. DAT 1/4 pts. BEAM 3 10 kN 
1 3 BRE3. DAT 1/4 pts. BEAM 2 10 kN 6 
1 4 BRE4. DAT 1/4 pts. BEAM 1 10 kN 5 
1 5 BRE5. DAT 1/4 pts. BEAM 6 10 kN 5 
2 6 BRE6. DAT 1/4 pts. BEAM 1 50 kN 11 
2 8 BRE&DAT 1/4 pts. BEAM 3 50 kN 13 
2 9 BRE9. DAT 1/4 pts. BEAM 4 50 kN 13 
2 10 BRE10. DAT 1/4 pts. BEAM 5 50 kN 13 
2 11 BREI LDAT 1/4 pts. BEAM 6 50 kN 13 
2 12 BRE12. DAT 1/4 pts. BEAMS I&4 80 kN 13 
2 13 BRE13. DAT 1/4 pts. BEAMS 2&5 80 kN 13 
2 14 BRE14. DAT 1/4 pts. BEAMS 3&6 80 kN 9 
3 17 BRE17. DAT 1/4 pts. ALLBEAMS 

and COLUMN 2 
FAILURE 47 

Remark : The numbering of tests are referred to the number of the data files 

Table 7.1 : Description of Tests in Frame 5 



Mid-Span Deflection of B eam (mm) 
Stage Series Test 1 2 3 4 15 6 

2 1 6 4.5 - - - - - 
8 - - 4.9 - - - 
9 - - - 5.2 - - 
10 - - - - 4.9 - 

1 11 - - 5.7 
2 2 12 4.6 - 52 - - 

13 - 4.8 4.5 - 
14 - - 4.7 - 5.3 

3 - 17 4.7 4.8 4.8 5.0 1 4.3 5.2 

Table 7.2 : Mid-Span Deflection of Beams in Different Tests 

Mome nt (kNm) 
Stage Series Test Beam Left End Left Load Right Load Right End 

2 1 6 1 -5.20 21.45 20.40 -7.50 
8 3 -7.87 22.79 22.09 -7.82 
9 4 -13.92 18.61 20.22 -9.86 
10 5 -13.61 16.31 16.63 -12.76 
11 6 -15.52 17.48 21.13 -8.17 

2 2 12 1 -5.99 25.33 21.88 -13.58 
13 2 -6.77 23.96 21.49 -11.65 
14 3 -10.82 33.00 29.02 -16.35 
12 4 -17.70 15.57 19.14 -9.58 
13 5 -17.30 14.02 16.24 -12.51 
14 61 -26.07 20.64 29.58 -8.43 

3 17 1 -6.94 24.34 22.79 -10.32 
2 -7.92 23.62 23.06 -9.26 
3 -896 24.34 22.79 -10.32 
4 -17.66 15.20 18.10 -11.05 
5 -17.01 13.66 14.67 -14.58 
6 -19.70 14.62 20.63 -7.60 

Table 7.3 : Beam Moment Distribution in Different Tests 



APPLIED LOAD( N) COMMENTS 
BEAM COLUMN POSI TION 

SCAN 1 2 3 4 5 6 1 2 3 
1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 8.6 7.6 7.8 7.2 7.4 7.2 0.2 0.2 0.1 
3 17.9 16.6 16.7 15.8 15.5 15.5 0.2 0.3 0.1 
4 27.3 25.5 25.7 24.4 23.7 23.8 0.2 0.3 0.1 
5 36.8 34.6 34.7 33.1 32.0 32.2 0.2 0.4 0.1 
6 46.2 43.6 43.7 41.6 40.1 40.5 0.3 0.5 0.2 
7 55.6 52.5 52.6 50.2 48.3 1 48.9 0.4 0.5 0.2 
8 65.0 61.5 61.6 58.9 56.5 57.3 0.4 0.6 0.3 
9 74.5 70.5 70.6 67.5 64.7 65.7 0.5 0.7 0.4 
10 83.9 79.6 79.5 76.0 72.8 74.0 0.4 0.6 0.3 
11 93.4 88.7 88.6 84.7 81.3 82.4 0.5 0.7 0.3 
12 102.8 97.6 97.4 93.3 89.6 90.8 0.5 0.7 0.3 
13 112.2 106.6 106.4 101.9 97.9 99.2 0.6 0.8 0.4 
14 121.7 115.6 115.4 110.4 106.0 107.5 0.6 0.8 0.4 
15 131.1 124.6 124.4 119.0 114.2 115.9 0.5 0.7 0.4 
16 140.7 133.7 133.5 127.7 122.2 124A 0.5 0.7 0.3 
17 149.6 142.6 142.4 136.3 127.8 132.8 0.5 0.8 0.4 
18 159.0 151.7 151.5 144.8 134.6 141.1 0.5 0.7 0.4 
19 168.4 160.7 160.5 153.5 143.5 149.5 0.5 0.7 0.4 
20 177.9 169.8 169.5 162.2 147.0 158.0 0.5 0.7 0.3 
21 187.4 178.8 178.6 170.8 160.3 166.4 0.5 0.8 0.4 
22 196.7 178.9 187.5 179.3 166.9 174.7 0.6 0.8 0.4 
23 206.1 178.9 196.5 187.9 176.2 183.1 0.6 1 0.8 0.4 
24 215.6 179.0 205.6 196.6 180.0 191A 0.6 0.8 0.4 End of 
25 225.2 179.0 214.6 205.0 191.7 199.7 0.6 0.8 0.4 beam load 
26 225.0 179.1 214.6 205.0 191.0 199.7 0.5 32.2 0.4 Column 2 
27 225.0 179.1 214.7 205.0 191.0 199.8 0.5 71.2 0.4 loaded 
28 225.1 179.1 214.7 205.0 189.1 199.4 0.5 110.8 0.4 to failure 
29 225.0 179.1 214.7 205.0 188.9 199.8 0.5 150.4 0.4 
30 225.0 179.1 214.7 205.0 189.4 199.9 0.5 231.1 0.4 
31 225.0 179.1 214.7 205.0 190.7 199.8 0.5 307.4 0.4 
32 225.0 179.1 214.7 205.0 193.8 199.6 0.5 1 17.1 0.4 Unloaded 
33 225.3 179.2 214.7 205.0 197.0 199.9 0.5 349.0 0.4 
34 225.3 179.2 214.7 205.0 197.0 198.9 0.6 388.0 0.4 
35 225.2 179.2 214.7 205.0 1 197.0 199.9 0.6 422.4 0.4 
36 225.2 179.2 214.7 205.0 197.0 199.9 0.6 471.3 0.4 
37 225.3 179.2 214.7 205.0 197.0 199.9 0.6 480.6 0.4 
38 225.3 179.2 214.7 205.0 197.0 199.9 0.6 489.7 0.4 Failure 
39 225.3 179.2 214.7 205.0 197.0 199.9 0.6 262.7 0.4 Unloaded of 
40 225.4 179.2 214.7 205.0 197.0 200.0 0.6 33.2 0.4 members 
41 225.4 179.2 214.7 205.0 197.0 200.6- 0.6 1.1 0.4 
42 187.7 179.2 178.8 170.7 164.2 166.7 0.6 1.0 0.5 
43 150.0 143.2 142.8 136.2 131.2 133.2 0.6 1.0 _ 0.4 
44 112.4 107.3 106.8 101.8 98.1 99.7 0.6 1.0 0.4 
45 74.6 .2 70.8 67.3 65.0 66.1 0.7 1.0 0.5 
46 37.0 35.3 34.8 32.7 31.5 32.4_ 0.7 1.1 0.5 

U- 47 -0.3 -0.4 -0.2 -0.5- -0.3 -0.3 0.6 1.0 1 0.5 

Table 7.4 : Load History of Frame 5 Test 17 



AXIAL LOAD (kN) 
SCAN COL I COL 2 COL 3 COL 4 COL 5 COL 6 COL 7 COL 8 COL 9 

1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
2 4.5 8.8 12.9 8.6 16.8 23.9 3.8 7.6 10.9 
3 9.4 18.1 27.1 18.2 36.3 51.6 8.4 16.2 23.3 
4 14.1 27.4 41.1 1 27.9 55.7 79.5 13.0 24.7 35.7 
5 18.6 36.7 55.1 37.6 75.5 107.7 17.6 33.1 47.8 
6 23.2 46.0 69.2 47.3 95.1 136.1 22.2 41.4 59.9 
7 27.9 55.1 83.1 57.1 115.1 164.8 26.7 49.8 71.9 
8 32.4 64.3 97.0 67.1 135.0 193.6 31.2 58.3 83.8 
9 37.2 73.3 110.9 76.7 154.8 222.4 35.9 66.6 95.7 
10 41.9 82.4 124.7 86.5 174.6 251.0 40.2 74.6 107.4 
11 46.3 91.3 138A 96.5 194.9 280.2 44.6 82.9 119.3 
12 50.9 100.3 152.3 106.5 214.4 308.1 49.3 91.3 131.8 
13 55.6 109.5 166.6 116.3 233.5 335.3 54.0 100.1 144.7 
14 60.3 118.8 180.8 125.8 252.3 362.1 58.7 108.6 157.4 
15 65.0 128.2 194.9 135.6 271.5 391.7 63.4 117.0 170.5 
16 69.7 137.5 209A 145.4 291.1 419.6 68.1 125.7 183.5 
17 74.1 146.4 223.2 154.9 310.1 446.8 73.1 134.5 196.7 
18 79.0 155.8 237.6 164.7 329.4 474.4 77.7 143.3 209.4 
19 83.6 165.0 251.8 174.5 348.7 503.2 82.5 152.3 222.7 
20 88.1 174.4 266.2 184.3 368.0 530.7 87.3 161.3 235.8_ 
21 92.9 183.7 280.4 194.0 387.1 557.2 92.2 170.3 249.0 
22 97.3 188.0 289.9 203.5 401.2 578.5 96.8 179.1 262.0 
23 101.9 192.9 299.6 213.2 415.9 600.1 101.7 188.5 275.3 
24 106.8 197.8 309.3 222.9 430.4 622.0 106.7 197.9 288.5 
25 111.5 202.2 318.8 232.0 444.6 643.4 111.3 206.9 301.3 
26 111.2 202.5 319.0 264.6 477.2 674.7 111.5 207.7 302.4 
27 111.5 202.7 319.4 303.6 515.6 713.7 111.9 208.3 303.0 
28 111.8 203.2 319.8 343.2 555.4 753.4 112.2 208.6 303.2 
29 111.9 203.4 320.2 382.8 594.2 794.4 112.4 208.9 303.8 
30 112.3 203.7 321.0 463.2 674.6 882.2 112.9 210.0 305.1 
31. 112.4 204.2 321.9 540.3 750.9 968.4 113.2 210.6 306.3 
32 112.0 203.2 320.3 251.4 467.1 683.2 112.3 208.9 304.2 
33 112.6 204.9 322.6 584.1 793.3 1016.6 113.5 211.2 307.2 
34 112.7 205.1 322.9 622.8 831.7 1060.7 113.8 211.5 307.7 
35 113.0 205.2 323.4 657.3 866.2 1084.8 114.0 211.8 308.3 
36 113.4 205.5 324.2 706.2 916.2 1103.8 114.5 213.2 310.1 
37 113.4 206.0 324.5 715.5 930.7 1099.4 114.7 213.5 310.9- 
38 113.7 206.1 324.7 724.8 943.6 1093.0 114.7 213.9 3113- 
39 112.9 205.2 323.5 504.7 730.8 973.9 113.7 212.2 309.4 
40 112.3 204.4 322.6 275.4 505.2 846.3 113.1 210.8 307.7 
41 112.3 204.0 322A 240.4 470.6 824.1 112.8 210.8 307.5 
42 94.9 187.1 286.5 201.5 413.0 764.0 96.0 177.8 _ 259.1 
43 77.3 151.6 231.7 162.5 335.7 692.0 79.0 145.1 210. 
44 59.4 115.9 176.5 123.8 259.1 619.6 61.6 111.5 161.5 
45 40.3 78.0 118.3 86.1 182.7 533.8 43.3 76.7 110.9 
46 21.0 40.2 59.7 49.8 108.4 444.0 24.8 41.1 58.9 
47 2.2 1 3.1 3.2 14.3 32.1 340.3 1 4.9 4.7 7.7 

Table 7.5 : Axial Load of Frame 5 Test 17 



Scan Total Load (kN) 
Upper Columns Middle Columns Lower Columns 

Beam Axial Beam Axial Beam Axial 
1 0.0 0.0 0.0 0.0 0.0 0.0 
2 16.0 16.9 31.0 33.2 46.0 47.7 
3 34.0 36.0 66.1 70.6 98.3 102.0 
4 52.0 55.0 101.2 107.8 150.7 156.3 
5 1 70.3 73.8 136.9 145.3 203.8 210.6 
6 88.3 92.7 172.0 182.5 256.2 265.2 
7 106.3 111.7 207.1 220.0 308.6 319.8 
8 124.5 130.7 242.5 257.6 361.4 374A 
9 142.7 149.8 277.9 294.7 414.2 429.0 
10 160.5 168.6 312.9 331.6 466.4 483.1 
11 178.8 187.4 348.8 369.1 519.8 537.9 
12 196.8 206.7 384.0 406.0 572.2 592.2 
13 214.9 225.9 419.4 443.1 625.0 646.6 
14 232.9 244.8 454.5 479.7 677.4 700.3 
15 250.8 264.0 489.6 516.7 729.9 757.1 
16 269.1 283.2 525.0 554.3 782.9 812.5 
17 286.7 302.1 557.1 591.0 831.33 866.7 
18 304.5 321 A 590.8 628.5 883.4 921.4 
19 322.6 340.6 626.8 666.0 936.8 977.7 
20 340.8 359.7 657.6 703.7 985.1 1032.7 
21 359.0 

_379.1 
698.1 741.1 1043.1 1086.6 

22 376.8 397.6 722.6 768.3 1084.8 1130.4 
23 394.8 416.8 749.9 797.3 1129.5 1175.0 
24 413.0 436.4 772.0 826.1 1169.0 1219.8 
25 431.0 454.8 801.7 853.7 1216.0 1263.5 
26 462.2 487.3 832.3 887.4 1246.6 1296.1 
27 501.2 527.0 871.3 926.6 1285.8 1336.1 
28 540.9 567.2 909.1 967.2 1323.2 1376.4 
29 580.4 607.1 948.4 1006.5 1362.9 1418.4 
30 661.1 688.4 1029.6 1088.3 1444.2 1508.3 
31 737.4 765.9 1107.2 1165.7 1521.7 1596.6 
32 447.1 475.7 820.0 879.2 1234.3 1307.7 
33 779.3 810.2 1155.5 1209.4 1570.1 1646.4 
34 818.3 849.3 1194.5 1248.3 1608.1 1691.3 
35 852.6 884.3 1228.8 1283.2 1643.4 1716.5 
36 901.5 934.1 1277.7 1334.9 1692.3 1738.1 
37 910.9 943.6 1287.1 1350.2 1701.7 1734.8 
38 920.0 953.2 1296.2 1363.6 1710.8 1729.2 
39 693.0 731.3 1069.2 1148.2 1483.8 1606.8 
40 463.6 500.8 839.8 920.4 1254.5 1476.6 
41 431.5 465.5 807.7 885A 1222.4 1454.0 
42 359.4 392.4 702.8 777.9 -1054-83 1309.6 
43 287.2 318.8 561.6 632.4 837.6 1134.2 
44 215.2 244.8 420.6 486.5 627.1 957.6 
45 142.9 169.7 279.1 337A 416.0 763.0 
46 70.8 95.6 137.6 189.7 204.8 562.6 
47 0.2 21.4 -0.5 39.9 -1.0 351.2 

Table 7.6 : Comparison of Total Applied Beam Load and Axial 
Load in Columns above Different Storeys in Test 17 



Beam I% of Free Moment I Beam 
L. H. S. I R. H. S. I L. H. S. I R. H. S. 

1 17 25 51 41 4 
2 20 25 46 42 5 
3 22 23 49 44 6 

Table 7.7 : End Moment as percentage of Free Moment at Design Load 
in Test 17 of Frame 5 

Column LE Max imum Axial Load (kN) 
L case I case 2 case 3 Test Result P;, i,, Value 

4 1 
0.85 

1082 
1133 

884 
925 

1016 
1064 

725 1104 

5 1 
0.85 

1084 
1145 

1027 
1076 

1060 
1110 

944 1104 

6 0.85 1 
0.7 

1147 
1192 

1052 
1096 

1099 
1144 

1093 1104 

Note: 

case 1. Using simplified approach of the moment assuming eccentric end reaction 

case 2. Using simplified approach of the difference of beam end moment 

case 3. Using simplified approach of the colum head moment measured in the frame test 

Ppin indicated the ultimate capacity of a pin ended column under axial. load 

Table 7.8 : Comparison of the Collapse Load from the Test and BS5950 
for the Central Column 



Joint Sti ffness (kN/m 
- - 

illirad) Maximum Moment 
Initial Maximu mi FUnloading (kNm) 

A 3.33 3.60 3.60 20 
B 2.99 4.42 4.69 30 
C 2.22 2.22 2.64 20 
D 2.00 4.19 4.55 31 
E 0.63 3.17 3.85 30 
F 2.27 3.87 4.21 27 
G - - 12.50 65 
H 6.67 6.67 5.88 56 
1 9.52 9.52 9.26 55 

K 9.09 9.09 10.00 55 
L 6.06 6.06 

Table 7.9 : Comparison of the Stiffness and Sustained Moment in Connections 
in Test 17 

Moment (kNm) 
Scan 12 Scan 25 

Joint Test Rigid Test/Rigid Test Rigid Test/Rigid 
A 13.2 21.7 0.61 21.1 50.9 0.41 
B 24.4 56.6 0.43 30.7 125.6 0.24 
C 13.4 32.9 0.41 20.3 64.4 0.32 
D 19.8 49.0 0.40 31.4 93.3 0.34 
E 15.4 27.3 0.57 27.3 64.3 0.42 
F 21.0 51.9 0.41 28.1 114.8 0.24 
G 33.8 54.2 0.62 63.4 120.8 0.52 
H 20.4 21.9 0.93 51.1 43.5 1.17 
1 32.5 46.4 0.70 57.0 92.1 0.62 

25.6 32.0 0.80 52.5 67.0 0.78 
K 36.4 47.1 0.77 60.8 110.2 0.55 
L 10.4 28.5 0.37 55.0 56.6 0.97 

Table 7.10 : Comparison of the Rigid connected Frame Moments 
in Scans 12 and 25 of Test 17 



Connection Row Maximum Load 
(0) 

A 1 57 
2 17 
3 7 

C 1 55 
2 15 
3 6 

E 1 63 
2 18 
3 5 

B 1 91 
2 33 
3 7 

D 1 64 
2 15 
3 6 

F 1 66 
-2 22 
3 19 

Table 7.11 Maximum Loads for Bolts in Test 17 (Flush End-Plate) 

Connection Row Maximum Load 
(kN) 

G 2 52 
1 65 
3 3 

1 2 63 
1 52 
3 9 

K 2 60 
1 60 
3 14 

H 2 39 
1 34 
3 3 
2 54 
1 57 
33 11 

L 2 26 
1 50 
3 -5 

Table 7.12 Maximum Loads for Bolts in Test 17 (Extended End-Plate) 



171 

(rq, 
C-1 



I 

El 

1238 2477 12 21 

I-... ý I-f 

ý 

DEM TWE (81) 

11 

W-49 TYP£ (91) 1 

x- i-= 
ren (82) 

I 

H 

IIIIi 

BEAM TYK (82) 

W-AM TYPE 

C--ýl 
I 4953 4 4953 

Q*O"" 152 X 152 UC 37 

ew- (51) 254 X 140 UB 37 

(B2) 254 X 102 UB 28 

AN Crode 43A St" 

C--ýl 

-1 

Figure 7.2 : General Arrangement of Frame 5 viewed from the Balcony 

8 mm finet w 

Joints A to F 

Is# Clearance holes 
for MIS &B bolts 

An dkvwndcnic In mm 

Joints G to L 

Figure 7.3 : Connection Detail in Frame 5 



.0 
, Z, 
CD 

-i 
l= 

c2. 
C: 1 
,Z 

LOAD MOMENT PLOT 

Joint A 
Left load 
Right load 
Joint B 

't, 

--C 

LOAD MOMENT PLOT Frame 5 Test 17 BEAN 2 

Joint C 
Left load 
Right load 
Joint 0 

-2 0246 to 12 
Bending Moment kN. m X10i 

"" '-'-'-I 

-6 024 
Bending Moment kN. m 

Frame 5 Test V BEAM I 

6 10 12 
xio, 

Figure 7.4: Total Applied Load against Bending Moment on Beam I 

in Test 17 of Frame 5 

Figure 7.5 : Total Applied Load against Bending Moment on Beam 2 
in Test 17 of Frame 5 



0 
-J 
0 

-6 

Frame 5' Test 17 BEAN 3 

Joint E 
Left load 
Right load 
Joint F 

C2 
-j 
10 
4, 

LOAD MOMENT PLOT Frame 5 Test 17 BEAN 4 

Joint G 
Left load 
Right load 
Joint H 

to Q 

Bending Moment kN. m X10, 

LOAD MOMENT PLOT 

io, -------- i2 

Figure 7.6: Total Applied Load against Bending Moment on Beam 3 

in Test 17 of Frame 5 

Bending Moment kN. m xiot 

Figure 7.7: Total Applied Load against Bending Moment on Beam 4 
in Test 17 of Frame 5 



ZT .X 
im 
et, 

c2. 
Ca. 

-«C 

-8 

Joint I 
Left load 
Right load 
Joint J 

a 
-j 

GJ 

a. a. 

LOAD MOMENT PLOT 

tj IV Id 
Bending Moment kN. m 

Frame 5 Test 17 BEAN 5 

x1o, 

Figure 7.8 : Total Applied Load against Bending Moment on Beam 5 

in Test 17 of Frame 5 

x1o, 
24- 

22ý 
I 

20ý 
4 

18-11 

16. 

14. 

12 1 

1% 

6. 

21] 

LOAD MOMENT PLOT 

Joint K 
Left load 
Right load 
Joint L 

-2 0246 10 12 
Bending Moment kN. m xio, 

Frame 5 Test 17 BEAM 6 

Figure 7.9: Total Applied Load against Bending Moment on Beam 6 
in Test 17 of Frame 5 



Bending Moment kN. m 

Run Number Plotted :5 io 15 20 25 

50 

0 

-50 

-100 L 

FRAME 5 

Frame 5 Test P BEAM 3 

Figure 7.10: Bending Moment Distribution around Beam 3 in 
Test 17 of Frame 5 up to End of Beam Load 

Frame 5 Test 17 

BEAM I 254xi46xUB37-FEP 
BEAM 2 254xl46xUB37-FEP 
BEAM 3 254xJ46xUB37-FEP 
BEAM 4 254xiO2xUB28-EEP 
BEAM 5 254xlO2xUB28-EEP 
BEAM 6 254xlO2xUB2B-EEP 

to 15 20 25 30 
Deflection (mm) 

LOAD DEFLECTION PLOT 

Figure 7.11 : Total Applied Load against Mid-Span Deflection on Six Beams 
in Test 17 of Frame 5 



Sca)e 0 50 too 
In w4m 

nun riumers motted : 25 ' 30 

rrame 5 Test 17 

Figure 7.12 : Frame Moment al-OLInd the Frame ill Test 17 of Frallic 5 ill 

the End of Beam Load and Failure of the Central Column 

A' 

Scale :0 30 IOU 
In blim 

Am flumbers Plotted 30 

rrame 5 Test 17 

Figure 7.13 : Frame Moment around 1he Frame ill Test 17 of Frame 5 ill 

Failure of file Cciltral Column 



3 0.6 5ý.. ý Z63.43 51.13 
A(- BC H 

ýýý4 
7.4 0 29.25 I W.. Of 

OBM - 8.19 OBM - 16.43 

67 

20.35 31.36 

cI f/ C 

r-ý 

OBM - 3.73 ý 

27.40 

. 

Z-1 ýý 

i 

z, 11 

10.18ýý 8.62 
/ý, ý \9 

27 

OBM - 4.50 OBM - 8.35 OBM - 5.84 ý 

24.01 

28.08ýý6 1 460.76 55.01-: N 1 

L 

ý, ý24,20 

013M - 5.81 OBM = 13.31 5 OBM - 6.00 ý 

OBM = Out of bolonce moment 

AR volues in kN. m units 

FRAME 5 

TEST 17 
SCAN 25 

1.06 

Figure 7.14: Moment Equilibrium Check in Frame 5 Test 17 



I r--. 
-- 

- -- 

II 

II 

I I 
- -- 

I 

- 

II 

II 
II 

.1 

Horizontal deflections 0 

Vertical deflections 0 

I 

In mm 

Frame 5 list 17 

nun Numbers Plotted : 25 33 

Figure 7.15 : Frame Deformation arOUnd the Fraine in Test 17 of Frame 5 in 

the End of the Beam Load and FailUre of the Central COIL111111 

I 

I 

I 

. 14- 

r---- 
----T--- ---I 

III 

I1 II 

I ---- ---- I --__ __-- I 

II 

III 

so 
loo 

I- 
I 

III 

II 
II III I 

Horizontal deflections o 
Vertical deflections 0 

25 

50 

23 

so 

"A, 

so In men 
too Frame 5 Test 17 

nun flumbers Plotted : 30 

2 

Figure 7.16 : Frame Deformation around the Frame in Test 17 of Frame 5 in 
Failure of the Central Colunin 

i 
-mummommý- 

-4 

M. 41 



X 102 
8- 

LOAD MOMENT ON COLUMN Frame 5 Test 17 

COLUMN 4 

Cä-£ 

0- 

2 
4ýs 

�I 

rD 

.2 

b. - 

0 i,,,.. .1 1ý li .I POT - -. 1- ..... 1--l-I.. 
-10 -8 -6--466 

jo i2 14 
Moment (kN. m) 

Figure 7.17 : Total Axial Load against the Column Moments at Different 

Locations at Column 4 in Test 17 of Frame 5 

-2 -io -4 -2 
Moment (kN. m) 

to 

.4 

Figure 7.18 : Total Axial Load against the Column Moments at Different 
Locations at Column 5 in Test 17 of Frame 5 



Z) 

C, 

CD 

LOAD vs MOMENT ON COLUMN HEAD Frame 5 Test 17 

End of Beam Load 

I-) 

ro 
0 

a 

4567B9 10 11 12 i3 14 
Moment (kN. m) 

n 

X102 
J2- 

IIý, 

10.1 

ei 

5.1 

3'1 

I. ' 

LOAD MOMENT ON COLUMN 

COLUMN 6 

Frame 5 Test 17 

II-FM...... 
II., 

-16 -14 -12 -10 -6 -, 
T 

-2 
Moment NNA 

Figure 7.19 : Total Axial Load against the Column Moments at Different 

Locations at Column 6 in Test 17 of Frame 5 

Figure 7.20: Total Axial Load against the Column Head Moments at Three 
Lifts of the Central Column (Position 2) in Test 17 of Frame 5 



LOAD DErLECTION PLOT 

COLUM14 6 

,3 
c3 

-i 
x2 

.N 
c2, r. x 

ro 
0 

82 

-14 -12 -10 -8 -6 -4 -2 
Deflection (mm) 

Frame 5 Test 17 

246 
X10-1 

Figure 7.21 : Total Axial Load against the Column Deflections at Different 
Locations at Column 6 in Test 17 of Frame 5 



E 

MOMENT ROTATION PLOT Frame 5 test 17 

Flush End Plate 
Joint A 
Joint C 
Joint E 

15 20 25 30 35 o ý5 to 
Rotation (radians / 1000) 

Figure 7.22 : Moment Rotation Curve for Test 17 of Frame 5 
(External Joints A, C and E) 

E 

MOMENT ROTATION PLOT Frame 5 Test 17 

Flush End Plate 
Joint B 
Joint 0 
Joint F 

to 15 20 25 30 35 40 45 so 
Rotation (radians / 1000) 

igure 7.23 : Moment Rotation Curve for Test 17 of Frame 5 
(Internal Joints B, D and F) 



E 

c -ld 

x1o, 
9- 

8 

-2 

MOMENT ROTATION PLOT 

r 

Frame 5 Test 17 

a 

4 

x 
0 

Extended End Plate 

Joint G 
Joint I 
Joint K 

ýO ý5 jo 5 
Rotation (radians / 1000) 

1 50 05 

Figure 7.24 : Moment Rotation Curve for Test 17 of Frame 5 

(Internal Joints G, I and K) 

MOMENT ROTATION PLOT 

Extended End Plate 

to 15 20 25 30 35 40 45 50 
Rotation (radians / 1000) 

Frame 5 Test 17 

Figure 7.25 : Moment Rotation Curve for Test 17 of Frame 5 

(External Joints H and L) 



MOMENT vs BOLI ronCE 

E 

Frame 5 Test 17 

JOINT A (BOLT J) 
JOINT A (BOLT 2) 
JOINT A (BOLT 3) 
JOINT A (BOLT A) 
JOINT A (BOLT 5) 
JOINT A (BOLT 6) 

10 15 20 25 30 35 40 45 50 55 60 65 70 
Force M) 

Figure 7.26 : Moment against Bolt Forces at Joint A for Test 17 of Frame 5 

MOMENT vs BOLT FOnCE Frame 5 Test J7 

JOINT C (BOLT 1) 
JOINT C (BOLT 2) 
JOINT C (BOLT 3) 
JOINT C (BOLT 4) 
JOINT C (BOLT 5) 
JOINT C (BOLT 51 

Force (kN) 
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Figure 7.29 : Moment against Bolt Forces at Joint B for Test 17 of Frame 5 
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Figure 7.30: Moment against Bolt Forces at Joint D for Test 17 of Frame 5 
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Figure 7.31 : Moment against Bolt Forces at Joint F for Test 17 of Frame 5 
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Figure 7.32 : Moment against Bolt Forces at Joint G for Test 17 of Frame 5 
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Figure 7.33 : Moment against Bolt Forces at Joint I for Test 17 of Frame 5 
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Figure 7.34 : Moment against Bolt Forces at Joint K for Test 17 of Frame 5 
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Figure 7.35 : Moment against Dolt Forces at Joint H for Test 17 of Frame 5 
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Figure 7.36 : Moment against Bolt Forces at Joint J for Test 17 of Frame 5 

HOMENT S BOLT FORCE 

Frame 5 Test 17 

Frame 5 Test 17 

JOINT L (BOLT fl 
JOINT L (BOLT 2) 
JOINT L (BOLT 3) 
JOINT L (BOLT 4) 
JOINT L (BOLT 51 

Figure 7.37 : Moment against Bolt Forces at Joint L for Test 17 of Frame 5 


