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ABSTRACT

Kemp’s (1999) amplification factor method is testedgts ability to model the
nonlinear in-plane behaviour of several unbracethregular steel portal frames. The
evaluation is by means of comparison to resultaiobd from physical tests and
advanced finite element analyses of the portafse failure load calculations are
favourable, but the load-“amplification factor” 4d-X) relationships differ
substantially between test methods. These difteeare ascribed to Kemp’s bilinear
representation of the loadrelationship, the tendency of his amplificatiootta to
underestimate loss of elastic flexural rigiditydahe assumption of a single
amplification factor for an entire structure. Mficttions are proposed to the limits
of the bilinear loadX graph, and to the failure criterion of Kemp’s nath These
modifications maintain the simplicity and accuradythe failure load prediction,
improve the modelling of the load+elationship, and provide a means of recognising
upper and lower bound collapse loads.
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1 INTRODUCTION

1.1 Nonlinear Structural Analysis

During undergraduate studies, civil engineeringlstis devote considerable time to
learning the principals of first order elastic stural analysis. ‘First order’ implies
that the changes in structural geometry causeddwjirhg are ignored when
establishing equations of moment and force equilibr ‘Elastic’ analysis means that
there is a constant proportionality between thesstand strain of the structural
material. The result of these two assumptionkas the analysis predicts ‘linear’
behaviour of the structure with load being proportél to stresses and deflections at
all times. Since students are most familiar andfootable with these analytical
methods, they often become the methods of choiee da in the design office. First
order elastic analysis provides acceptable levied&curacy where small loads or very
stiff structures ensure small deflections and &laitesses. The assumptions of
elasticity and unchanging geometry are very udefuserviceability checks as they
greatly reduce the complexity of the analysis.

When designing to ultimate limit states criteriapever, the designer needs to
calculate loads at which the structure loses stabiAt these high levels of load, two
forms of nonlinear behaviour become significantnely ‘geometric’ and ‘material’
nonlinearity. Geometric nonlinearity arises fromds acting on the deformed shape
of the structure, and material nonlinearity fromamlinear stress-strain relationship of
the load-bearing material. In the case of stradtsieel, the onset of significant
material nonlinearity is dramatic due to the abrhmnge in Young’'s modulus after
the yield stress has been exceeded. At this floénlioss in stiffness of the structure
allows deflections to increase at a greater ratk mispect to load, and hence
geometric nonlinearity also becomes increasingige The combined result of
these nonlinear behaviours significantly increabescomplexity of an accurate
analysis of the structure. In reinforced concretmlinear behaviour is even more
difficult to predict due to the shape of the stregain curve of concrete, the weakness
of concrete in tension, and the composite natutbetection. Regardless of the type
of structural material, in the presence of compvesaxial force, the effects of these
nonlinearities are always destabilising and inazesith load. They reduce the
effective stiffness of the structure, and the dcttr@sses and deflections at a given
load are larger than would be expected from artielasalysis. Most importantly, the
nonlinear behaviour results in actual collapse owoy at lower loads and often in
different collapse mechanisms than predicted sy @rder elastic analyses. The
more flexible the structure, the more severe vélkie miscalculation of ultimate load
capacity.

When a designer wishes to account for both formsoaofinearity he needs to perform
a second order inelastic analysis. He has thecehafiusing either a rigorously
theoretical or simplified analytical method. Thedretical methods are typically
difficult to understand and require substantialgtispent building virtual models and
interpreting output data. Finite element analisisn example of a theoretical
method that has become readily available in varadfgrdable software applications.
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A large proportion of engineers who use finite edamanalysis admit to being unsure
if not ignorant of the theory behind the calculaio Such ignorance affects their
ability to produce results that are consistentlyamegful and reliable. This is true
even for the so-called simplified analytical methosluch as the inelastic member
model and the end spring model. Even these metlredlatively complex and
laborious, and need to be performed using a comp@ensequently, designers find
it simpler to allow for a single cause of nonlineahaviour by using the simplified
methods taught at undergraduate level.

Material nonlinearity can be accounted for by perfimg a conventional first order
stiffness or flexibility analysis of a structuredhallowing plastic ‘moment hinges’ to
form at the required sections. These moment hiagesisually of zero length and
allow rotation to occur at the hinge while provigiconstant moment resistance equal
to the plastic momerM, of the section. Alternatively, the designer mag ugid-
bodied plastic analysis, assuming rigid memberspacing moment hinges at the
locations where the moments are anticipated toléhgeasection’s plastic moment.
Using the principle of virtual work, the sway egoilum equations can then be
defined, and the first order collapse loads, oessary section strengths determined.
When geometric nonlinearity is accounted for aldhe,analysis type is second order
elastic. This can be performed by incorporatirggtability or Berry functions in the
stiffness or flexibility matrices respectively. ttfese matrices are very difficult to
define or assemble, then the designer may choosenwider the stability of each
member as if it were acting in isolation to thet ifsthe structure. This is done using
the effective length method, which calculates thekting load of a compression
member using a modification of the Euler bucklixgression. The modification is
that the actual length of the member is multipligdan effective length factor that
compensates for the end conditions to provide aveabpnt length of pin-ended
member. Engineers commonly use this method, anéffiective length factor can be
determined from first principles, or referencedirtables provided in codes of
practice and design handbooks.

A method that is user-friendly and popular, and fbems the subject of this research,
is the amplification factor method. An amplifiaatifactor is an expression
composed of variables that can be calculated fréinstaorder analysis or measured
directly from the geometry of the unloaded struetuwWhen the amplification factor
is multiplied by the relevant first order stressleflection, the product approximates
the actual total effect, and thereby accounts éangetric nonlinearity. The particular
method that is investigated in this project wappeed by Kemp (1999) as an
extension to the existing ‘storey magnifier’ methothe storey magnifier method
exists in both the South African and Canadian stesign codes as an optional means
of accounting for sway deflections in unbraced feamAs described in these codes,
the method can only be used for rectangular framaesg equal length columns and
elastic stresses at all locations. In clause BIANS 10162-1:2004, the
amplification factotJ, is defined as:

_ 1
U7 TsC.D., -

Sv,.h
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where C = Compressive force in the member

D = Relative first order sway displacement of therey
Vv = End shear force in the column
h = Storey height

subscriptult represents the conditions at ultimate load
subscriptl represents first order analysis

The above terms of force and displacement are ttebermined from a first order
elastic analysis, and are calculated at ultimadd o aid the stability check of the
structure. The resulting amplification factor oalyplies to those moments that cause
end sway deflections in the members. These aledctile translational momeni,

and arise only from horizontally applied loadshe tdeal rectangular frame.

Moments caused by vertical loads acting throughiseare named gravitational
momentsVly, and are not considered to cause end sways iagtigrizertical columns.

If the vertical loads act directly above the colentmere are ideally no gravitational
moments. In reality, the columns of all structysessess an initial out of plumbness
that causes further sway deflections under th@adi gravitational load. The
moments caused by the gravitational loads actirgutih these initial deflections may
be regarded as part of the translational load effébe South African code takes
account of these eccentricities by adding a notibogzontal load at the column tops.
This notional load equals 0.5% of the ultimate dyalad of the storey under
consideration, and thereby approximates an irotilof plumbness of 0.5% of the
storey height. The total moments at any locati@hiwthe structure are expressed as
follows:

My =My, TULM (1.2)

ult ultg
where M = Moment

subscriptg represents gravitational loads
subscriptt represents translational loads

The storey magnifier method requires proportiogdigtween translational load and
sway deflection. A prerequisite is therefore teuwr that material nonlinearity is
avoided by dealing only with elastic stress coodis. Additionally, it is required that
the sway mode of the structure allows this propagility while maintaining
compatibility of deflections at the joints. Therpisway mode of a rectangular frame
allows the sway deflections of the columns to iaseeequally for a given increase in
load, regardless of the extent of sway. Sincecttemns sway the same amount and
the beam undergoes zero rotation, compatibilitgedfections is always maintained at
the joints. In a pitched-roof portal, however, #veay mode may cause sway
deflections of the members to increase at varyagsrrelative to each other. These
rates change depending on the extent of the swalythaus proportionality between
load and sway deflection might not be observeahpatibility is to be maintained.
For this reason, the storey magnifier method isapmiicable to nonrectangular
frames. When using it to find the amplificatiorctiar at the ultimate load, one deals
with loads that cause inelastic stress levels.ndJie results from a first order
analysis at ultimate load introduces inaccuracigsthe calculation df),. The effect

is to underestimate the amplification, as inelastiesses are accompanied by loss of
stiffness, greater deflections and hence increasednd order effect. The magnitude
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of the inaccuracy is dependent on the flexibilityhee structure, which is minimised
in practical structures by limits on member slendes and allowable deflections.

Kemp (1999) proposed a modification of the storegnifier method that extended
its applicability to any shape of frame. Through urse of virtual work and sway
equilibriums, Kemp’s amplification theory was dexi/so as to be applicable to both
elastic and inelastic behaviour. This allowed hindevelop an amplification factor
that would take account of geometric and matealinearity for any given load or
shape of frame. As will be shown in the literatauevey, Kemp wrote his
amplification factotJ, in terms of an ‘incremental amplification’ factér He found
that the relationship betweehand load/ could be simplified to a bilinear graph
constructed between three easily definable limite. then used this load graph in
conjunction with his own empirical failure criterido develop a means of calculating
the inelastic instability load. These failure lsasbmpared favourably with results of
independently performed finite element analyseslabdratory tests of frames of
various critical shapes. This project is an inigegion of Kemp’s amplification

factor theory and his method of calculating colafmsads. In this report are included
a review of his theory, an assessment of its ptiedis for a variety of idealised test
frames, identifications of reasons for inaccuraeied suggestions for improvements
to his theory.

1.2 Objectives and Reasons for Research

Kemp’s theory provides the designer with a reldgiwmple and attractive means of
performing two important checks on a structure, elgrthe calculations of
deflections at serviceability loads, and the agsess of ultimate load capacity. The
facilitation of the latter of these two criteriatiee most important advancement, as the
nonlinear behaviour of structures at serviceabitigds is usually of small
consequence. Kemp’s method of calculating thenalté strength makes use of
empirical approximations to his observations oiaas structures under load. These
empiricisms include the shape of the bilinear cuthie expression he uses for the
reduced flexural rigidity of members with plastindes, and the assumption that
unbraced slender frames will always fail in purede® of sway. By its nature,
empirical theory is usually limited to cases forigthrigorous testing has proven its
results to be consistently accurate. Since Kerihy@ery proposes to be applicable to
a broad range of structures and levels of load,aaltllesses the very important issue
of ultimate strength, it is necessary for muchibgsof the theory to be done before it
can be safely used in practice. The objectivahisfresearch project are as follows:

To establish how the accuracy of Kemp’s methodhad@ife load prediction is
affected by changes in column to beam span ra®sell as the positions of
gravitational loads on the beams. Both the origst@rey amplifier method
and Kemp’s amplification theory imply that the aifiphtion factor is
unaffected by the positions of gravitational loadsthe beams of rectangular
frames. Varying the positions of these loads eaunded to test this theory.
As the loads gather near the centre of the beanpridicted first order
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inelastic failure mechanism shifts from a sway tme@mber mechanism. Thus
Kemps prediction that the frames will fail in swiayalso tested.

To determine how accurately the bilinear relatigpstpproximates the actual
load-X relationship of a frame. Any rationalisation of@mplex curve into
two straight lines will result in inevitable erroo§ approximation. Kemp’s
bilinear approximation of the load curve is tested for rectangular frames of
various proportions and load configurations.

To perform a parametric study of the variables usdtle amplification factor
theory so as to enable suggestions of possibleowepnents to the theory.
The assumptions made in developing the bilinearecare adjusted and the
results are discussed.

1.3 Sequence of Project Completion

This project was approached and completed in thewimg sequence of events:

1. A literature survey was conducted which broaalestigated modes of
instability in structures, as well as various enagirand theoretical methods
that have been developed to account for them. lildrature survey included
a detailed study of the derivation of Kemp’s amegdfion factor theory, and
its application to structures.

2. A selection of rectangular mildsteel portal femwere designed and
submitted to the engineering workshop in the HeBivyictures Laboratory for
fabrication. During the manufacture of these frapmupons of the steel
were prepared and tested in tension in the Heawgtstes Laboratory. The
results of the load-extension recordings taken frioese tests enabled the
determination of the material characteristics nsagsfor the bilinear method
and the finite element analyses. These resultsded the Young’s modulus
of the steel, the yield stresses, and the straivhath strain hardening took
place. The cross-sectional geometry was usedrijugction with these
properties to develop moment-curvature relatiorshipd plastic moment
capacities.

3. The completed frames were set up on the tebdgand incrementally loaded
until collapse. Measurements of load and deflestiwere taken at each load
increment to allow the construction of various @spertinent to the
amplification theory.

4. These tests were then simulated with a finiéeneint model analysis through
the use of ABAQUS. The results of the laboratessts and the ABAQUS
analysis were compared and found to be in agreewiéimeach other. Thus
they served as a benchmark against which the sasfulfemp’s analysis could
be compared.

5. The bilinear method was applied to all the w$tames.
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6. The bilinear method results were compared tedlaj the laboratory tests and
ABAQUS analyses. The effects of the variables asglimptions of the
bilinear theory were identified and were alteredryoto improve the accuracy
of the theory. Certain empirical improvements waurggested, and regions
requiring further research were highlighted.

1.4 Scope and Limitations

The frames tested in this research project weneethngular in shape, and thus the
test results could not be used to verify the appiidty of the theory to nonrectangular
frames. Nonetheless, the theory of the amplificatactor concerning nonrectangular
frames is investigated and discussed in this repbintadvantage that arose from the
use of rectangular frames was that Kemp’s expredsidJ, reduced to that of the
storey magnifier method. This meant that the gbdf his theory to model

inelasticity could be tested in isolation fromatsility to cope with nonrectangular
structures. Consequently there were fewer possdalses of error to consider when
assessing the accuracy of the load-amplificatictofarelationship and the collapse
load prediction.

Eight frames were tested in total, each havingsimae column height of 400mm and
varying in span and load positions. Each frame lvaded with four equal vertical
point loads placed symmetrically about the midpointhe beam, and one horizontal
sway-inducing load at the top of the columns. Tdaling was monotonic, meaning
that a constant ratio was maintained between thiecaband horizontal loads at all
times. This loading regime was chosen due to peaation that the second order
load-deflection behaviour of the frames would besgéve to the ratio of vertical to
horizontal loads. This sensitivity was potentialyactor that could influence the
accuracy of Kemp's theory for different loading sagos. Since only eight frames
were tested in the laboratory, it was consideredibée to eliminate this cause of
variation by using monotonic loading.

The frames tested were substantially more slerdar would be allowed by most
steel codes. The stiffest of the frames had colsl@nderness ratios about the minor
axis of over 300, while SANS 10162-1:2004 allowsaximum of 200 in
compression members. The slenderness of the fratloeged larger sway
deflections, and thus the deflections could be mmeakwith greater accuracy in the
laboratory than if stiff columns had been used fadnonately, these large deflections
were accompanied by membrane forces that potgnéiiéired the anticipated
behaviour of the frames. The effects of theseef®are discussed in detail in section
5.4 where it is concluded that only one of the teshes was appreciably weakened
by tensile forces within its beam. A further comsence of the large slenderness
ratios was that the column axial loads were vewy &b failure. Kemp (1999) noted
that more research was required to increase theaxmcof his theory when axial
loads exceeded 60% of the yield loads. Howeverthi® frames tested in this project,
the elastic critical collapse loads were less th@¥h, and the loads at actual failure
less than 3% of the yield loads.
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During laboratory testing, it was decided that eéetiibns would be recorded when the
deflection under the current load was increasingditymore than one graduation, or
0.01mm, every thirty seconds. This was done td line time intervals between
successive load increments near the collapse lfatie frames. It became evidentin
the tests that significant creep took place ontgrahe formation of the first plastic
hinge. At this point, the sway stiffness of thpital frame had reduced dramatically
and it was obvious from the deflections and cumestuhat the structure was beyond
its safe working load. Most practical structures mot designed to withstand such
high levels of load for prolonged periods of tim@onsequently the effects that long-
term creep would have had on the nonlinear behawbthe test frames were
ignored.

The same solid rectangular section was used fdpe¢hens and columns of all the
frames. Initially, it was thought that the uncontienal moment-curvature
relationship of the section might diminish the valece of the test results. The
moment-curvature relationship affects the loadetgibn behaviour of a member, and
therefore the structure to which it belongs. Thémdtion of the loadX graph

requires accurate calculations of first order isttasway deflections at collapse of
the frame. For this purpose, Kemp derived an engpiequation to account for the
reduction in flexural rigidity of a member with gkic hinges. This equation, which is
described further in section 2.5, was develope@pmiication to conventional
structural sections with corresponding moment-cumearelationships. Section 5.4
investigates the consequences of having usedarsafiangular section for the test
frames. It is shown that Kemp’s empirical meanaafounting for the spread of
plasticity allowed accurate calculations of defiectdespite the section’s
unconventional moment-curvature relationship.

The test frames were not designed to be representidtany particular practical
structure. Apart from the excessive member slaress ratios and the use of solid
rectangular sections, various other simplificatioresy have affected the accuracy of
the results. These simplifications, discussed#irrin chapter 5, included full fixity
of the supports, fully rigid welded joints, ide&dsloading configurations and the
disregarding of residual stress effects. The ckcalability of the test results
rendered them unsuitable for the fine-tuning of g aspects of Kemp’s method
with respect to full size structures. Consequerttlg proposed modifications are
based on a theoretical appraisal of the method thaththey retain their validity for
the general case of unbraced sway frame. Thefiaiiibns also include an
empirical means of adjustment to allow for varyfogms of instability. This
modification in particular may require further irséigation and development for the
application to full size structures.

1.5 Organisation of Report

The following chapter of the report is the liten@survey, and comprises two main
parts. The first section begins with an explamatbthe two types of second order
effects, methods of allowing for them in memberlgsia, and how they relate to
member instability. One of the two methods disedss the storey magnifier
method, and its derivation is given herein. Thetimad is essentially identical to that
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described by Kennedy et al (1990), but differshie way that the derivation
approaches the final expression. Following th@sjous techniques of calculating
instability loads of members or structures are lnghgited. These include the use of
differential equations of moment equilibrium, efige length factors, instability
functions for slope-deflection methods, and a beigilanation of the finite element
method. The second part of the literature suretgtes to Kemp’s modifications of
the storey magnifier method. Although alreadyktiin the first part, Kennedy et
al’'s explanation of the storey magnifier methodiigen as it better suits Kemp’s
approach to the derivation of his amplificationttac Thereafter, Kemp’s
modifications are discussed in detail.

Chapter 3 documents the laboratory-testing comptaofethe research. It describes
the tensile tests of the coupons and the assoaiatedlations for determining the
necessary material and section properties. Theeld test frames is explained, and
the various frames and their loading configuratiaresgiven. Following this is a
description of the testing equipment and the secgieh operations of the actual tests.
The test results are discussed with consideraii@ngo the collapse loads, positions
of hinges and failure mechanisms, and shapes db#tkeversus deflection curves.
The possible causes of laboratory testing errortiaeid probable impact on the results
are given, and the section is ended with a compa&tween the laboratory and
ABAQUS analysis results.

In chapter 4, a step-by-step procedure is giverdostructing the bilinear loax
curve, and for calculating the collapse load as@np’s method. This procedure
was applied to each test frame using a MicrosofteEgpreadsheet for the analyses.
The predictions of Kemp’s theory are presentedamdpared to the laboratory and
ABAQUS results. These comparisons help to iderdiBas of Kemp’s method that
require refinement.

Chapter 5 begins with a reassessment of the thednynd Kemp’s method. The
reassessment identifies the assumptions and sioapiins that are believed to have
resulted in the errors described in the previogsiae. Following the discussions of
Kemp’s assumptions, alternative techniques areesigd where possible. These
suggestions are substantiated by the results aib@mthe previous sections of the
report, as well as by new analyses of differentcstres. The usefulness of the test
results is discussed with regards to the physicgdqgrties of the test frames. The
chapter is ended with proposals of modification&éonp’s method that have been
found to improve its accuracy, maintain its simipjicand allow for the modelling of
various types of instability.

The conclusions are summarised in chapter 6, asahmmendations are given for the

modification of the existing amplification factoratihod. Thereafter are the
references and appendices of the report.
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2 LITERATURE SURVEY

2.1 Geometric and Material Nonlinearity

When beam-columns are subjected to loads, thetirgblending moments can be
said to comprise of two components, namely firdieoand second order bending
moments. First order moments are those momeritateaither applied directly to
the member, or that arise from the transverse laatisg on the member length.
Second order moments result from axial forces gdtinough the lateral
displacements of the member. These second ordeemts are also known as P-
delta moments, and are further divided into twocsibgories, the-dandP-D
moments.P-dmoments are due to the lateral displacementseofidmber relative to
its chord, andP-Omoments due to the lateral displacements of thalee ends
relative to each other. Fig. [2.1] illustrates theeral deflections that govern the two
types of P-delta effects. In members carrying c@sgion, the effects of axial loads
acting through lateral displacements will alwayddéncrease the bending moments
and deflections. The effective flexural rigidityabeam-column will thus be reduced
by P-delta effects, as will be the ultimate loadyiag capacity, especially so if the
member is slender.

P 0 P
Deflected shape
P-0 effect
P
4 ]L
b
(b) Deflected
shape
FraFrys
P-A effect

Fig. [2.1] The two kinds of P-delta effects
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The behaviour of a beam-column can be definedslpéd-deflection curve, and the
procedure of establishing this relationship betwlead and deflection usually
consists of two steps:

Step 1: Cross-sectional analysis

The cross-sectional analysis involves definingrtteenent-curvature-thrust &f-~-P
relationship at a chosen level of axial load. ddev to do so, it is necessary to know
the stress-strain characteristics of the mateamlyell as the geometry of the section.
For a rectangular cross-section with an idealidastie-perfectly-plastic stress-strain
curve, simple bending theory can be applied toyastablish a closed-form solution
to theM-F-P relationship. For a general cross-sectional shiayoergoing bi-axial
bending and exhibiting nonlinear stress-strain beha, it becomes very difficult or
even impossible to obtain a closed-form relatiopsinder such circumstances, the
analytical technique normally becomes an iteratimmputer-based method. The
cross-section is divided into smaller rational sfsapr layers and the contributions of
each to the overall section forces are considezpdrately while enforcing conditions
of equilibrium and compatibility. For most memhedtss not necessary in the cross-
sectional analysis to include the effects of agiflormations, as these are usually an
order of magnitude smaller than flexural deformagio

Step 2: Member analysis

Should the simplicity of the member, its loadingl @upport configuration permit, a
closed-form solution to the member analysis majobed using bending theory
alone. Below are two examples of such closed-feotations, the first accounting for
P-d effects using a differential equation of momentikorium, and the second
accounting folP-Deffects using the storey magnifier method.

2.1.1 Differential equation of moment equilibrium for P-deffect

The simply supported beam-column of Fig. [2.2ajassidered below as per Chen
(1991). This member is subjected to a compredsiee P, as well as end moments
and transverse loads such that the maximum monecent®at or near midspan. The
total transverse deflectiamat any point is composed of the corresponding dirder
deflectiond and the second order deflectidn

a=a +aq, (2.1)

where d= Transverse deflection
subscriptl represents first order
subscriptl represents second order

Assuming the deflection of the beam is in the shafpehalf sine wave, with
maximum deflectiordyax at the centre of the beam, the secondary momemtyat
pointx measured along the member’s longitudinal axis beagalculated as:

M, = Pa’maxsin% (2.2)
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Original shape
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Deflected shape
L

Simply supported beam under general loading conditions

= X
(b) MA MB
] M, = f(M ,M,, W,w,x)
First order bending moment distribution
X
© My =10

y  Second order bending moment distribution

Fig. [2.2] Simply supported beam with associated Ingling moments
For elastic behaviour, we can also say Matcan be expressed as:
M, =-Eld (2.3)
where superscript ” represents double differermratvith regard to

By equating the right hand sides of equations (@) (2.3) and solving far we
obtain:

a, = Pl L sin®
" El p L (2.4)
=4, . sin
P, L

whereP, = Euler buckling load of the strut

At midspan, the second order deflectignax can be calculated from Eqn. (2.4).
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Substituting Eqn. (2.5) into Eqn. (2.1) and solviogdhax

dmax = ﬁ OII max (26)
Given that
M__ =M +Pa 2.7
max | max max
we may write
1+yP/P,
max — ]-_J/T | max (28)
where
al maxRe
y :M—- 1 (2.9)
| max
Defining C, as follows:
C,=1+yP/P, (2.10)
then
M max = Cm M | max
1- P/P, (2.11)
= Ul M | max
where
= im/ - (2.12)

U, is the amplification factor to allow fdt-deffects. Its value tends to unity Rs
tends to zero, in accordance with the losB-@feffects as axial compression reduces.
Note that the above definition gf will only give suitable results when used on a
beam-column similar to the one shown in Fig. [2,2a&jd when the maximum
moment in the beam occurs at or near the beam’paiitl For other conditiong;

will need to be redefined. Essa and Kennedy (26@0¢ shown that in unbraced
sway frames th@-deffects on stability appear to be negligible, #mat theP-D

effects dominate.
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2.1.2 Storey magnifier method for P-Deffect

When lateral forces act on an unbraced rectanfpalare as in Fig. [2.3a], sway
deflections will occur in the columns. These detilens caused as a direct result of
the applied translational loads are first ordetedgions. Axial loads acting through
the eccentricities caused by the sway deflectioliause the frame to drift further
in sway until equilibrium has been established e aldditional sway deflections
caused by the gravity loads are second order dftesc A simplified method of
accounting for these second order moments andatiefts is given by the storey
magnifier method described by Rosenblueth (19653pplies to rectangular frames
in which it is assumed that each storey behavespieidently of the other. This
method is identical to the one described by Kenregdl (1990), yet the derivation of
the amplification factor is more elegant.

The P-Deffect is approximated by a fictitious lateraldoaf magnitude PZh acting

at the top of the column, as shown in Fig. [2.3@)is the total sway deflection on the
column and is the sum of the first order sway dgiten 2 and the second order sway
deflection,.

D=D, +D (2.13)
| I

If the storey sway stiffnes is defined as the ratio of translational loadwag
translation, then

horizontal force _ SH _SH +SPD/h

.= : = (2.14)
lateral displacemet D, D
Solving forD yields
1
D= ————— D, =U,D (2.15)
1- SPD, /SHh

Thus the total sway deflection can be determinechbitiplying the first order
deflection by an amplification factaf,. If the storey translational momeis are
directly proportional to the sway deflections, then

1
M= ——=—— M, =U,M 2.16
‘ 1-SPD,/SHh 't TN (2.16)

This method was derived to be applicable to thetieldehaviour of rectangular
frames with columns of equal length. It works wfell frames with stiff beams so
that points of inflection occur within all the colms of each storey. It appears that
the storey magnifier method can easily be adjustettames with vertical
compression members of differing lengths. Suctmnecture is illustrated in Fig.
[2.3b] together with the modified expressions fowgdification. In the new
expression for storey sway stiffness, each colwroonsidered separately when
calculating the fictitious lateral loads arisingrit second order effects.
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(a) Rectangular frame with equal length columns

P P P P
J ZPA
ZH ——— _h_ EH_
’?A equivalent to
— =
e

Unbraced sway frame under load
horizontal force _SH _ SH +SPD/h

B= : = (21- 14)
lateral displacemeat D, D

Solving for Dyields:

p= — 1 D, =U,D, (2.1- 15)
1- SPD, /SHh

Similarly the total translatonal momentsarefound asfollows :

Fictitious shear replacing P- A effect

1
M= —— M,,=U,M 21-16
' 1-SPD,/SHh 't TN ( )
(b) Rectangular frame with unequal length columns
A
PAB PCD PA.B PCD
P zA+PpA
) H—»J Lyp _fcu TH
B C B C
equivalent to a
- o
D D
/7J E 17777
o =

Unbraced sway frame under load

horizontalforce _ SH _ SH +P,gD/L,s + RnD/ L

.= - = (21- 14a)
lateral displacemet D, D
Solvingfor Dyields:
= 1 D, =U,D, (21- 159)
1- (PABLCD + PCDLAB)DI /(LABLCDSH)
Similarly thetotaltranslatbnalmomentsarefoundasfollows:
1
e =UM (21- 16a)

M, = M
1- (PABLCD + PCDLAB)DI /(LABLCDSH)

Fictitious shear replacing P-A effect

Fig. [2.3] The storey magnifier method
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These fictitious loads are summed with the apgdiéeral load before dividing by the
total sway deflection to define the sway stiffness.

horizontal force _ SH _ SH +P,,D/L,; + P.;D/ L,

r = . = (2.14a)
lateral displacemat D, D
Once again, solving fdD isolates the new amplification factor.
1
D= D, =U,D, (2.15a)

1- (PABLCD + PCDLAB)DI /(LABLCDSH)

The amplification factor in Eqn. (2.15a) reduceshi® equivalent factor in Egn. (2.15)
if column lengthd_sg andLcp are equal. The storey magnifier method is applea
to the frames of figures [2.3a] and [2.3b] for tbBowing reasons:

The stresses in the frames are elastic at allitotsat Elastic behaviour allows
for a proportional relationship between sway load deflection, as is
required by the storey sway stiffness expression.

It is assumed that the geometries of the framesuwk that the first order
sway deflections of the columns arise from the i@pphorizontal loads only.
This assumption simplifies the expression for tloeeey sway stiffness by
forcing sway deflection to be a function of a seaglad. Consequently the
second order overturning moments can be resoltedaifictitious horizontal
load that contributes to the sway of the strucinra predictable manner.

The compression members sway by a uniform amouthieirsame direction.
This is ensured by the stiff horizontal beam tloatg the column tops. Since
all the columns sway together, the fictitious swaads are aligned and can be
summed together. In this way, one may considetdats¢ sway load, as well
as the total resistance to sway of all the members.

Various complications of the storey magnifier metlaoise with the introduction of
inclined members. These members are prone to bwdifferent amounts and in
different directions to each other. Such swayedgibns may arise regardless of the
direction of the applied load, and the deflectiwil§ have varying sensitivities to
loads and second order effects. In general, meatbe said that a single sway
deflection will be representative of an entire stie’s response to second order
effects. Nor can the fictitious sway loads frora thdividual members be summed, as
they will be acting in different directions. Ealckad may have a unique relationship
to the second order sway deflection. Clearly tadonger a simple task to define a
sway stiffness expression that accounts for totd land total stiffness. In many
practical scenarios, the storey magnifier methdld &hort in its ability to account for
geometric nonlinearity. Writing a differential eafion of moment equilibrium for a
frame will also be unfeasible due to the difficutiyolved in doing so. Fortunately,
designers are able to take advantage of the pdwmecomputers have to iteratively
analyse a problem. The Newmark method is an exaofhn iterative analysis that
combines bending theory with repetitive estimaaoa correction. It is described
below as per Chen (1991).
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2.1.3 The Newmark method

T Tl
@ yj; 1 2 k ntl
b /‘ T T T T T -\ P X
\as vy
M, : é.sk . M,
Newmark discretization of member
W, ,
VV]J M/I_il i+l
q),-,/ q)l q);,] (I), ¢l+1
lx [x l)C
xzfl xl leI x[ i+l
1) VVI»] - (1)/6)(2(])]»] + q)z) ) VV; - (l\"/6)(¢11 T 4¢z T q)h])
11
W, = (/60 20)
b W, /4
(b) i , W,
W, W,
—
(I),,j q),- q)z—H (]),,] (])1 ¢l+l
4 & A [,
xl—I xz xl*[ xi—] xz x1+1
o W, = 2470, 60,-0,,) . W,=(/12)9,, + 109, + 0.,
1) iv)
W, = 24)30,,F 106, 9,,,) Equivalent nodal loads

Fig. [2.4] Member discretization by the Newmark metod and equivalent nodal

loads

The procedure of the Newmark method is appliedetani-columns as follows:

1.
Fig. [2.44].

The member is divided into n segments by (nstdfions. This can be seen in

A value of deflection is assumed at every statinder the given loads where

d. represents the deflection at station k.
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3. The moment is determined at all stations by siungrthe respective first order
moments (applied to member ends or due to transveasls) and second
order moments (the product of the axial load ater#h displacements).

4. The curvature at each station is calculatedgusiaM-~-P relationship.

5. A curvature distribution between the nodes suased, and the equivalent
nodal loads are calculated. These nodal loadapked to the member as
conjugate beam loads in order to calculate slopedaflection at the stations.
Examples of typical curvature distributions andiegient nodal loads are
given in Fig. [2.4Db].

6. If the differences between the deflections dakewl in step 5 and those of step
2 are acceptably small, load is added and the duveaepeated until the peak
of the load deflection curve is reached. If thiéedénces are too large, the
deflections from step 5 become the deflectiongeyh 2, and steps 3 to 5 are
repeated until convergence occurs.

The finite element method is an advanced formmicstiral analysis capable of
allowing for nonlinearities arising from changesgtlie conditions of structural
geometry, material properties, boundaries, or amglination thereof. It currently
provides the most comprehensive approach to thgsasaf structures and thus
provided a suitable benchmark with which to compghesaccuracy of a proposed
new method. Below is a brief explanation of theatty of finite element analysis.

2.1.4 The finite element method

In essence, the finite element method createdfaests matrix for a structure for the
calculation of deflections during the loading prege This matrix is composed of the
assembled stiffness matrices of the elements teaised to model the structure. As
load changes, the structure stiffness matrix isatgutito reflect the current structural
geometry, stress conditions and possible changagpabrts. If an iterative form of
solution algorithm is chosen for the analysis, thgrhe end of each load step, the
programme will ensure that the differences betwberinternal and external force
vectors of the structure and load system are wip#rcified tolerances.

In preparation for the finite element method, tlesigner chooses a suitable type of
element that is capable of being used to modetalevant structural responses. An
element is representative of a small length of menmdnd so various element types
exist for the modelling of beams, plates, shelld smon. Each element possesses
nodes that represent the locations where theyoared to other elements, and hence
where forces are transferred between, and to, elfesnén the case of the portal
frames that were modelled using ABAQUS, the elesamre of the double noded,
two-dimensional beam variety throughout. Mateaiadl section properties are
assigned to the element to enable the calculafistresses and strains. Each member
of the structure is modelled by choosing the posgiof the nodes within its length.
Assembling the elements thus is known as ‘mestimgmodel, and the resulting
‘mesh’ plays an important role in determining tleew@acy with which the
programme can analyse response.

31



The object of discretising members into a numbeglements is that bending theory
can be applied to each element. In so doing, ér@viour of a member can be more
accurately approximated than if one were to dorsmsng only the member’s end
stresses and deflections. Thus it follows thaherfmesh (i.e. smaller elements but
more of them) will produce more accurate resultseifirequiring more computing
time. Meshes may be constructed so as to be fivieare required for reasons of
output accuracy or for achieving three-dimensiatepes, or coarser, to reduce
computing time, in different parts of the structuMeshing is also such as to provide
nodes in the positions where supports and jointsip@nd where loads are applied.

Displacement functions are chosen that relate ig@atements at any point within an
element to that point’s position within the elemeBince the displacement functions
dictate the deflected shape of the element, ituslgnt for the user to have some
knowledge of the load-deflection behaviour of threcure being analysed.
Examples of such functions for two-dimensional bgame

u=a, +ax (2.17)
v=b, +bx+b,x* +b,x° (2.18)

where u = Axial displacement relative to the element lozads
v = Transverse displacement relative to the elerdoeal axes
x = Distance along the length of the element

Each element’s boundary conditions are used taméte its unique values of the
coefficientsa; andb;. Since the boundary conditions are actually theah
displacements, the transverse and axial displacesnoéthe elements can be
expressed in terms of the respective nodal displaoés.

There are various methods that can be used toedérévstiffness matric of an
element. One such method is to use the principt®servation of potential energy,
as described by Chen (1991). The total statiopatgntial energy? of the element is
composed of the strain energy and the work done by nodal forcés

=U+V (2.19)
where P = Total stationary potential energy
U = Strain energy
Vv = Work done by nodal forces

The strain energy is defined in the general case as

L

U= sdedv,= (s de)dAdx (2.20)
Vee OAe
where s = Axial stress
e = Axial strain
Ve = Volume of the element
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A = Area of the element
L = Length of the element

Strain can be expressed as a differential of thplatement functions (2.17) and
(2.18), and stress can easily be related to simagrms of Hooke’s law.
Consequently, Eqn. (2.20) can be written as a fonaif nodal displacements.

The work done by nodal forces is written as

V=- r1d=-d'r (2.21)
i=1

where r; = Nodal force
di = Nodal displacement
r,d = Vectors of nodal forces and displacements rdsjadyg

Equilibrium is achieved when the first variationtbé total potential energy equals
zero.

ad =a(U+V)=adl+aV =0 (2.22)

Substituting the equations forandV, written in terms of the nodal force and
displacement vectors, into Eqn. (2.21), the sotuiso

(kd-r)ad=0 (2.23)
The non-trivial solution to this expression is

r=kd (2.24)
where k = Stiffness matrix for the element

The structure stiffness matrix assembled from thment stiffness matrices
accurately describes how the structure responkdstbunder the conditions for which
that stiffness matrix is derived. If the behaviofithe structure is nonlinear, the
addition of load will necessitate successive radatons of the structure stiffness
matrix such that the predicted load-deflection eurmains on the equilibrium path.
In order to overcome the problem of excessive cdatfmn time, there exist several
solution algorithms that solve within user-defirtetérances for various types of
nonlinear behaviour. The simplest type is noraiige and solves the problem of
nonlinearity by adopting small load increments. ti#& end of the application of each
load increment, the stiffness matrix is recalcudaising the new deflections and
forces, but without ensuring that the load-deflactturve is on the equilibrium path.
This method is known as the ‘simple incrementalhodt The more advanced
methods measure the unbalanced force vectorlfedaifference between the external
and internal force vectors) after each iteratiod eeapply it to the structure with a
new calculation of stiffness matrix and deflecticd@nly when the unbalanced force
vector is acceptably small, is the next load otedion increment applied
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2.2 Instability

The culmination of most analyses of compression bemis the calculation of a load
at which the member fails. Instability of a congsi®n member occurs when an
addition of load reduces the stiffness of the memtrespecific regions thereof, to
zero, resulting in progressive deflection and f@luConsidering the in-plane
behaviour of a column and ignoring the possibitityocal buckling, instability may
occur in one of three basic ways:

1. Yielding of the cross-sectionThis occurs when the axial for& equals the
product of the cross-sectional area and the yte#ss of the material. This
type of failure is unlikely as the slendernessosatf most practical columns
are such that considerably smaller loads will iredtailure in flexure.
Yielding of the cross-section is a type of inelagtistability, but it is usually
not associated with P-delta effects and sway fedwf frames.

2. Elastic instability: At the elastic instability loa&.,, a column carries the
hypothetical maximum axial load prior to failureflaxure. It is calculated
while assuming a linear elastic stress-strainimahip in the memberP; is
independent of the magnitude of stress in the nat@nd consequently is not
affected by yield stress. ShouPg be exceeded, P-delta effects will cause
instability of the entire compression member, gsosed to failures of specific
zones that are subjected to high stresses. Elastability is also independent
of the magnitude of transverse loads, except ircépacity of these loads to
alter axial loads in the compression members.

3. Inelastic instability: The initial imperfections in the fabrication diet
members, as well as the asymmetry of the loadirgf tre structure itself,
cause amplification of sway-related deflections ammesses. Before the
elastic instability load is reached, the stresadhe section at certain points in
the structure become entirely plastic. These iglasictions create a
mechanism that allows the structure to fail in €liex

While the elastic critical load is one that canbetreached for a real structure, it is a
useful point to begin in understanding instabilitp. solving forP,, the designer
performs a second order elastic analysis, therbbyiag for geometric nonlinear
behaviour. In frames that permit sway, it is oftee P-delta effects that govern the
mode of failure of the frame. Since the yieldirddhe structural material will only
weaken the structure, the inclusion of materiallinearity in the calculation of
instability can be seen as a development of theaqatrof the elastic critical load.

Below are described three means of determiningldstic critical load. The first
example is a derivation &, from first principles for a geometrically perfeun-

ended column. The second example is the use lafigtdunctions that can be
substituted into the stiffness matrix and is therefmore readily and conveniently
applied to structures consisting of more than oeentrer. The last example is the use
of effective length factors that have been predgfifor the common end conditions
of a column.
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2.2.1 Elastic critical load of pin-ended column from first principles

The simplest elastic critical load that can be edlfor is the load that causes a
geometrically perfect pin-ended column to achiewtage of neutral equilibrium
under perfectly axial loading. At this load, tReyeffect is sufficient to maintain
transverse deflections within the member aftersvarse loading and/or applied end
moments have been removed. On the load-deflegtiyph, this is known as the
bifurcation point, and the magnitude of the tramsgeleflection at this load is
arbitrary. Unstable equilibrium occurs when thigical load is exceeded, and is
characterised by collapse of the member.

P T~ .

Fig. [2.5] Pin-ended strut under axial load

The elastic critical load of a column can be solf@dby first defining the differential
equation of moment equilibrium for the member. Tiféerential equation, when
solved, produces a solution whose unknowns cook=bnstants of integration, and
the axial force required to maintain the membea mon-straight configuration.
Applying the known boundary conditions of the meméiéows the value of load to
be found. Below is an example of this techniquedu® find the Euler buckling load
of a pinned-pinned column shown in Fig. [2.5]. Tiierential equation can be
shown to be

4 2
d a’+Pd0’

El
dx* dx?

The general solution to Egn. (2.25) is

a = Asinkx+ Bcoskx+Cx+ D (2.26)

wherek = /P/(EI) (2.27)

Recognising that the boundary conditions of cumeaind deflection at both supports
are equal to zero, the following system of lineguaions can be constructed:

0 1 01 A 0
0 - k? 0O 0 B 0
) = (2.28)
sinkL coskL L 1 C 0
- k?sinkL - k’coskL 0 0 D 0
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Using vector notation, Eqgn. (2.28) can be simptifie
CX=0 (2.29)

For a non-trivial solution the determinant@inust equal zero, hence after
simplification

k*LsinkL=0 (2.30)
k will not equal zero, so
KL=np n=123.. (2.31)

Substituting Eqn. (2.27) into Eqn. (2.31) féy;

n’p’El
R = pl_z (2.32)
Instability will occur for the lowest value &f, thus whem equals unity,
2
P _P El
N (2.34)
=P

By selecting a value of, substitutingk into the equation for deflection, and solving
for the boundary conditions, it will be seen thihtlze constants exceptwill be
equal to zero. The value Afcannot be solved for, indicating that the defldctkape
of the column is that of a sine wave, but the atagé thereof is arbitrary.

By solving in a similar manner for columns of di@t support conditions,
expressions can be derived for the critical loaus\aritten as

’El
o ﬁz'-z (2.35)
_PR '
=
where K = Effective length factor

The value of the elastic critical load will not aatly be reduced by initial curvatures
of the members, provided it is assumed that thessés remain elastic in the cross-
section.

2.2.2 Stability functions and practical effective length factors

When the slope-deflection equations are derive@ forember taking into
consideration the effect of an axial load, the ltdsithat ‘stability functions’ are
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introduced to the member stiffness matrix. The fenstiffness equations for a two-
dimensional beam-column ignoring axial deflectiansl torsion are restated as

VA j1/L2 ./2“— '/1“—2 ./2“— Va

Mo _EL JoIL Ja -JuL s (2.36)
Vo L -/ fLIL JLI0 LIl v |

MB jz“— /3 '/2“— j4 s
where /1, / 2, / 3 andy 4 are stability functions

The stability functions are expressed as functadrthe ratio of axial load to the Euler
buckling load of the strut. These functions aneally printed in tables to save the
designer the trouble of recalculation as axial oaldlange. Since stability functions
are derived while assuming conditions of lineasitabehaviour of the material, they
can conveniently be used to find the elastic aitload of a structure. Once the
structure’s stiffness matrix has been assembledyser solves for the value of load
that renders the determinant of the matrix equakto. At this load, the stiffness
matrix is impossible to invert, and the structwwelastically unstable. Were the
stability functions to be omitted, or calculated éonditions of zero axial loads in the
struts, the stiffness matrix would always dictagé@metrically linear behaviour with
unique values of deflections for each load.

Depending on the analysis methods available tal&sgner, and the complexity of
the structure at hand, it may not be feasible flmdehe stiffness matrix of the entire
frame. Under such circumstances, the designerwigtyto consider each member of
the frame as if it were acting in isolation, butdanto account the restraining effects
that adjacent members may have on it. The magnivfidhe restraining forces are
usually proportional in some way to the respectiggrees of freedom of the member
ends, but can be prohibitively difficult to quagtibr practical structures. For the
convenience of the designer, many design handbmaksde simple methods of
evaluating the effective length of columns withisas common end conditions.

With the effective length factor known, the desigoan simply apply it in Eqr(2.35

to find the elastic critical load, or as requirgdabrelevant clause of the design code.
In SANS 10162-1:2004 the instability load is coms&ll for the condition in which
sway deflections are prevented. The provided meénalculating the effective
length factor is through the use of the nomogrdualt has been reproduced in Fig.
[2.6]. The value 06 is determined for the top of the column and theedoo, and the
straight line joining the two points intersects thildle line at the correct value of
effective length factoK. G is defined as follows:

G= Sl /L, (2.37)
Sl /L,
where I = Second moment of area of a column section
Lc = Unsupported length of a column
lg = Second moment of area of a girder section
Lg = Unsupported length of a girder
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Sapplies to all members rigidly connected to tHevant joint and lying in
the plane in which instability is being considered

G
6U K L
oo [aa)
50,0 =40 50,0
10,0 = — 10,0
5,0 3 K E. 5.0
L0 — -

30 -3 — 3,0
2,0 — i — 2,0
& H

—— 0,8

1,0 ] -, 10
0.9 — — 0.9
0,8 — - — 0.8
0,7 — — 0,7
0,6 — —bs0.F — 0,6
0,5 — — 0,5
B4 1 = 0.4

- =

0,3 — - 0,3
0,2 — 1% 0,2
0,1 — -+ — 0,1

0 —L 0,5 L0

Drg.12841

Fig. [2.6] SANS 10162-1:2004 Nomograph for effeceviengths of columns
in continuous frames

When considering the effects of material nonlingyawn the instability of a structure,
the complexity of the calculation increases greailhe relationship of stress to strain
can no longer be represented by a simple lineaateaqy and thus the equations of
equilibrium and compatibility within a structure yneahange continuously as regions
thereof achieve plasticity. A true descriptiortloé behaviour of a structure as it
approaches actual inelastic instability necessttite iterative approach of
calculations to account for its ever-changing reseao load. Where geometric
nonlinearity can be ignored, simple first orderspil@analysis may provide
sufficiently accurate estimations of critical loatts unbraced frames permitting
modes of sway failure, however, the design shootant for both forms of
nonlinear behaviour acting together. Material asékity will affect each structure
differently depending on the structural materiag tonfiguration of the structure and
position and type of loads acting upon it. Newvelgls, it can be said that the yielding
of structural material will have the effect of rethg the stiffness and thereby
decreasing its load carrying capacity. Althoughisthardening may occur if
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deflections are sufficient, material inelasticitiflwsually cause a structure to fail at a
load that is less than the elastic critical |6Rd

Axial
Load
plA Euler Load B
1 C
\\\\\G
Pl ™
7 M e
Pi ES \\\\\\
o, o
N
0 Central Lateral Deflection

Fig. [2.7] Load versus central lateral deflectiondr idealised pin-ended columns

The various possible forms of instability are sumsead for a pinned column in the
graph of Fig. [2.7]. This graph, showing axialdogrsus central lateral deflection, is
a reproduction fronstructural Analysidy Coates, Coutie and Kong (1997). Line
OAB represents the load-deflection curve of a mlyestraight strut whose crush
loadPy is higher than the Euler lod&. If Py is lower tharPe, the curve will follow

the path OFGH. An initially non-straight strut tvian effectively infinite yield stress
will trace OGC, being asymptotic #. This curve reveals how nonlinearity in
structural response is caused by changing georoethe structure. Note that the
nonlinearity becomes progressively worse as th&tielaritical load is approached.
This fact can be verified by observing that thetoeof deflections of a strut tends to
infinity as the determinant of the stiffness matards to zero. A real strut will
follow curve OGC to point L whereupon yielding bietcross-section begins. Here it
can be seen that yielding of the material increésesion-linear response of a real
strut. At point M the maximum load carrying caipa®; is reached and a fully
plastic section occurs prior to collapse.

Figure [2.8] is a reproduction of Chen’s (1991) @extlised graph of loads versus
characteristic deformations of a plane frame. hEagve in the graph results from a
different type of analysis. Depending upon whiemis of nonlinear behaviour are
accounted for, the analogies between the curv&€gyof{2.8] and the idealised curves
of Fig. [2.7] are clear. The analysis methods ugeetlis project are as follows:

1. First-order elastic analysis To determine the ‘limit of elastic behaviour’ for
Kemp’s bilinear loaeX relationship.

2. Second-order elastic analysisTo determine the elastic critical loads of the
frames.

3. Simple first-order plastic analysis To establish the collapse loads of the
critical plastic mechanisms and thereby define'lihet of plastic behaviour’
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of Kemp’s bilinear/ -X relationship. This analysis was also used toutate

the pure sway collapse loads of the frames.

4. Advancedfirst-order plastic analysis: A finite element analysis for the
calculation of first order deflections. These deflons were used to define a

proper/-X graph.

5. Second-order spread-of-plasticity analysisA finite element analysis for

comparison of results and evaluation of Kemp’s theo
Load '

| —First Order Elastic

/

Elastic Critical Load
”/ ——————
// <
// “~Second Order Elastic
/

Plastic Mechanism Load

\First Order Elastic Plastic
Second Order Elastic--Plastic

Second Order Spread of Plasticity

Characteristic Deflection

Fig. [2.8] Load versus characteristic deflection fovarious analysis methods

2.3 Kennedy et al's Amplification Factor

Kennedy et al (1990) give a review of the rationafl¢he interaction equations for
beam-column design as stated in the 1989 versitineo€anadian steel design
standard. In the member strength interactionkisfdode, as in SANS 10162-1:2004,
an amplification factor foP-Deffects in unbraced rectangular sway frames may be
used in lieu of a second order analysis. This dmoalion factorU; is identical to the



amplification factor as calculated for the storygmiier method in section 2.1.2 of
this report. Kennedy et al, however, deridein the manner described below.

r i
V.
M Vﬂ M Q B
1ji ( 1ji
AJ ij Al i
if i
V NN L V. )
i ] Y M
MI ij 1ij
P if Cff
(a) Typical column in rectangular frame (b) Typical member in nonrectangular frame

Fig. [2.9] First order forces and deflections of tgical members in sway frames

Figure [2.9a] illustrates a typical column of atesgyular sway frame under the effects
of gravitational and sway loads. The forces anded&ibns shown in this figure are
calculated from a first order elastic analysisorficonsideration of first order
moment equilibrium for the all the columns we héwve following relationship

SM,; +M, ;) =-38V;h (2.38)

where subscript represents first order analysis
subscriptsj andji represent member end conditions

Bending moments, shear forces, and the associataiions and sway deflections are
positive anticlockwise. The moment summation onléfithand side of Egn. (2.38)
comprises both translational and gravitational smitend moments. Since the
columns are assumed to be perfectly vertical padoading, the gravitational loads
do not contribute to the first order sway of thenfie. The moments in the columns
from the gravitational loads sum to zero, thusstmation of the total first order
moments is equivalent to summation of the firsieotrianslational moments.

S(M

+M,,)=S(M,,, +M, ;) (2.39)

i It

where subscriptrepresents translational effects
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The second order moment may be dealt with in increésniey considering the action
of the axial load®; in the columns acting through the first order swaflections
0. For elastic stress conditions, the first itematof the second order translational

moments can be written as follows:

S(Mlt ij + Mlt ]I) =- SR] D| i =- SPDI

SPB (2.40)
h

=-h

where subscript represents the first iteration of second ordezctff

The subscript§ are dropped on the right hand side of Eqn. (2.4@ha column
heights and sway deflections of all the columnsideatical. It can be seen that the
axial loads acting through the first order swayletdfon 3 are likened to the effect of
an artificial horizontal load of magnitud#/h acting at the column tops. This
artificial shear produces a further increment oagweflectiony, which by
proportion is

SPD,
= —1L 2.41
' Svh (241)
The effect of the vertical loads acting through leev increment of sway deflection

D is considered in the same manner as above, addgee the second iteration of
second order translational moments.

SPD
S(My; + My ) =-h hl
SPD, SPD
=-h —— =——1 by Egn. (2.41 2.42
. Svh (by Eqn. (2.41)) (2.42)

3 SPD
=-S(My; +My;) SThI (by Egn. (2.40))

Thus a further artificial shear 65P/h)(SPO/SVh) is considered, producing yet
another incremental deflectialy. This process of calculating successive deflestio
and artificial shears results in infinite sumsifoth total moment and total deflection.
Each sum is a geometric series in which the suneetsms vary by a ratio of
(SPOISVh). For sway deflection, the sum is expressed agge. (2.43).

D=D, +D,+D, +..+D,

n

SPD, SPD,
+...+ —
Svh Svh

=D, i+ X +...+ X"

=D, 1+

(2.43)
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where the incremental amplification fackis expressed as

X =% (2.44)

Since the value of this ratio is always less tham, the limit of Eqn. (2.43) is written

D® f—'x =U,D, (2.45)

where the amplification factdy; is expressed as
U by =S —— (246)

The incremental translational moments may be sumimadsimilar manner to the
deflections to obtain the total translational motsen

S(M +Mtji):UZS(Mltij +Mltji)

=-U,SVh

tij

(2.47)

Since the sum of gravitational column end momeqtsaks zero, Eqn. (2.47) can be
rewritten in terms of total end moments.

S(M; +M ;) =-U,SVh (2.48)
Alternatively, this equation can be expressed Hevis:

S(M, +M ) =- SVh- U,SPD,

(2.49)
=-SVh- SPD

The amplification factor has been derived to expreond order effects as
proportions of first order translational moments a@eflections. Assuming that the
unloaded columns are perfectly vertical, the gediohal loads do not contribute to
first order sway. For this reason, gravitationaments are not amplified. As
mentioned previously in this report, first ordeartslational moments will arise from
gravity loads acting on out-of-plumb columns. Téesoments can be accounted for
by applying notional horizontal loads at the colutops. In the case of the South
African steel code, the notional load equals 0.5%e ultimate gravity load of the
storey under consideration, and thereby approxisnatenitial out-of-plumbness of
0.5% of the storey height. The notional load eéfere treated as part of the first
order translational load effects. To calculatettital moment at any column end, the
amplified first order translational moment is addedhe unamplified gravitational
moment, as per Eqn. (2.50). The first order tr@rmhal moments are calculated with
the structure bearing translational loads onlye &kial force and shear force terms in
the amplification factor are calculated with alhtts in place.
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M =U,M,, +M (2.50)
2 It g

It is clear that this amplification factor is depl@ant upon the linear relationship
between translational loads and sway deflectionortler that this linearity is
maintained, Kennedy et al stipulate the followimgditions:

1. The frame must have horizontal beams, and @aitm@umns of equal lengths.
The sway mode of such a structure will ensuredhatolumns sway by an
equal amount, and are affected equallyPb& effects regardless of each
column’s axial load or end shear. This maintaimsatibility at the joints at
every iteration of the derivation, and allows thene amplification factor to
be applied to any of the columns. The rectandutame also allows the
distinction to be made between loads that causedider sway deflections of
the columns, and loads that cause compressioreindlumns.

2. The stresses in the members must remain efasticthat proportionality may
be used to calculate successive increments of defgction (as per Eqn.
(2.41)). If the storey sway stiffneSschanges during the consideration of
second order effects, the sum of incremental dedles will no longer be the
geometric series described by Eqgn. (2.43). Thiksimvalidate the expression
for Uz in terms ofX. For an elastic frame subjected to monotonicitogd.e.
translational loads increase in proportion to gedional loads)X will vary
linearly with load. As addition of load causes #peead of plasticity the
storey sway stiffness will reduce accordingly thié P-Deffects at a given
load do not significantly alter the storey swayfséissS then the expressions
for X andU, will still apply. The amplification factor will & applicable to
sway deflection, but not to moment as sectionsayfroach their maximum
moment capacities and minimum flexural rigiditie%s instability is
approached, however, the structure becomes inaghasiensitive tdP-D
effects. Every iteration of second order effeciié neduce the sway stiffness,
thereby causing loss of proportionality betweerdlaad deflection. This will
render the expression fok in terms ofX progressively less reliable as the
collapse load is approached.

2.4 Kemp’'s Maodification for Nonrectangular Structur es

This approach uses the sway equilibrium equaticenaaiternative means of
calculating the incremental amplification factdrhe formulation of a sway
equilibrium equation requires the identificationtbé relevant independent mode of
sway for the frame. For a given sway mode, a sirads conceived with pinned
joints placed at the locations where the mode reguplastic hinge rotations. The
members of the structure are allowed to rotateliygat the pins (i.e. the members
themselves remain straight) by an arbitrary amautthereby to create a set of
compatible virtual deflections. The system of lad the actual structure, as well as
the internal force system determined from a firsleo analysis is ‘placed’ on the
structure in its displaced configuration. Thisssgp systems of internal and external
virtual work. Since the members of the virtualpii€ement system are rigid, the
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virtual work of bending moments and forces withlie member lengths equals zero.
The only actual internal forces to be considerethénsway equilibrium equation are
member end moments. The internal work is summed al the members, and the
external work is summed over all the applied loaflke summations of internal and
external virtual work are equated to give the seqyilibrium equation (2.51)

- S(M| ij + M| ji )fi; = SFHL* (2'51)
where £ = Virtual member end rotation
i = Virtual displacement of loal in the line of action of the load

Bending moments, shears and rotations are posititielockwise. Internal work
done by a bending moment is positive when the momets in the opposite
direction, and hence resists, the rotation atiits External work is positive when the
load moves in the direction in which it acts. Oneember loads have been resolved
into equivalent joint loads, the average sheardfaneer a member length may be
determined from considerations of moment equiliorito be

V. = Mlij+MIji 252
= ——1t (2.52)

ij
where V = Average shear force in member length associaitdmoment gradient

Average shear force equals the actual member exat §brce when there are no
transverse loads acting within the member’s lenddbing the relationships described
by equations (2.51) and (2.52), it can be seen that

SV,L,f; =-S(M

U]

i TMy )fi; (2.53)
Fig. [2.9b] represents a typical member in a swagng of any shape. From Eqn.
(2.38) we have the following relationship:

M

+M -V L

1ji = ij —ij

Lij (2.54)
Ignoring the distinction between translational gnalvitational moments, the
equilibrium of the sum of the first order end monseand the first iteration of the
second order end moments may be written as

M

+M,,, =-V,L, - C,D

1 +1ij 1 +1ji ij —ij (]} (255)
where C = Axial force in member
subscripti+1 represents the sum of the first order analysisthadirst

iteration of second order analysis

The moment$/1, can now be expressed in term3vef; using the above two
formulae.
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M.+M, . =M +M +C.D

1 +1 ji ij 1

1 ij i I +Lij (2.56)
Since the principal of virtual work is valid onlgrffirst order analysis, Eqn. (2.56)
can be used to demonstrate how second order effactbe accounted for in the
virtual work equation Eqn. (2.53).

SV, L, f; =-S(M )f; - SC,D,,f; (2.57)

|+1IJ |+1JI 1

As in the storey amplifier method, the axial load$ing through the first order sway
deflections induce second order moments, whichrim increase the sway deflections
and thereby set up a system of incrementally irstngasecond order moments and
sway deflections. Previously, the factor by whititcessive calculations of
deflections and moments differed was expressedatscaof the sum of the first
iteration of second order momer#B to the sum of the first order translational
momentsSVh. This ratio was enabled by virtue of the lineah&viour of a
rectangular frame, and cannot be applied to theentangular frame. Kemp’s
approach calculates a raddbased on virtual work expressions of the firstation of
P-Deffects and the first order moments thus

- S(M|+1u |+1].)f (-S(M,ij +|\/||J.i)fi;)
sv,L 7,
_SC,D,f;
sV L7, (by Eqn. (2.56)) (2.58)
SC,D, ,f;
W (by Egn. (2.51))

After the nth iteration of second order effect, E(h57) appears as follows

SV, L fi; =-S(M 110440 i
- (SC“-D

1 ij

+M )
. (2.59)
FA+X+X2+ X3+ .+ X")

| +1+2+..4n ji

As n tends to infinity, the limit of this sum tentis

SV, Lifi ® -S(M; +M )f; - (SC, Dy f; )@+ X + X?+ X*+...+ X")
SC;D f;

=-S(M; +M)f; - l—'xJ for X £1 (2.60)

=-S(M, +M,)f; - U,SC,D,,f;

where the expression fal, in terms ofX remains as follows

U,=—— (2.61)
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Since the virtual sway rotationféi,- of the sway mode of a rectangular frame are equal
for all columns,f~ will cancel out of the expression f&r This results in the same
expression foK as calculated by the storey amplifier method, lagwce the storey
amplifier method becomes a special case of the gailibrium approach.

The three main advantages of the sway equilibrippr@ach are stated by Kemp
(1990) as follows:

1. It can be applied to any arrangement of membiiis.important to note that
in structures with more than one mode of sway atnglification factor must
be determined for the independent mode of sway tikedy to occur at
failure.

2. There is no need for the distinction betweenl$ahat cause first order sway
deflections of the columns, and loads that causgpcession in the columns.
The relative contribution of any type of load iaanted for by the relevant
sway mechanism used for the calculatiorXof

3. The principle of virtual work is applicable toyatype of first order elastic or
inelastic analysis. The sway equilibrium approsglkbuld therefore not be
limited to elastic analyses only.

An example of the derivation of the amplificatiacfor is given for the structure
shown in Fig. [2.10a]. It is the left hand halfasfymmetrical pitched-roof portal
frame and is subjected to a uniformly distributedtical load. The independent sway
mode considered for the sway equilibrium equatsoshiown in Fig. (2.10b). Hinges
are introduced at B and C, and joint C is movedmeards an arbitrary amount of
one meter to induce the set of compatible virtwaysdeflections. The results of a
first order analysis of the structure are displaye@able [2.1]. The average shears
Vi have been calculated as per Eqn. (2.52). The=\aflX is calculated using Eqgn.
(2.58).

X = SC,D fij*

1ij
SPT;
— CABDI ABf/:B + CBCDI BCf;C
(5'67/)(15)ﬂ;Cave
_ (850)(0.0235(0.0333 + (61.6)(- 0.12)(- 0.0667) (for =1)

(567)(15)(05) )

=0.013
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Fig. [2.10] Application of Kemp's amplification facdor method to a pitched
roof portal
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Note that the distandéi,— ave represents the average virtual distance througbhithe
uniformly distributed load on membgrmoves. The amplification factor is
calculated according to Eqgn. (2.61).

1
U,=—-—
1- X
_ 1
1- 0.013
=1.013
Load factor Member Length Axial Shear Sway V|rtqal X
force force  deflection rotation
/l L (m) C (kN) V (kN) (m) f* (rad)
=1 AB 6 85 54.2 0.0235 0.0333
BC 15.3 61.6 -31.1 -0.12 -0.0667 0.013
/=141 AB 6 120 76.3 0.0331 0.0333
BC 15.3 86.7 -43.8 -0.169 -0.0667 0.019
/,=216 AB 6 183.5 92.7 0.121 0.0333
BC 15.3 108.9 -71.8 -0.615 -0.0667 0.057

Table [2.1] First order analysis data for pitched-oof portal frame in Fig. [2.10]

2.5 Kemp’'s Treatment of Material Nonlinearity

The application of the virtual work amplificatioadtor is a means of accounting for
geometric nonlinearity. Theoretically, materiahtinearity is implicitly accounted
for by calculating the amplification factor usindiest order inelastic analysis. Itis
possible to accurately define the nonlinear {¥aeklationship for a given structure by
performing first order inelastic analyses at sudintly small load intervals. The act of
doing so, however, negates the object of usingitinglified method of amplification
factors. Kemp (1990) uses the example of the frassted by Scholz (1981) to
explain his proposed simplification of the truedeacurve. Scholz’s frame is
illustrated in Fig. [2.11]. Under monotonic loadjrthe first order sway deflectiafl

of the frame, as calculated from an elastic-plestialysis, varies linearly with load
until the formation of the first plastic hinge. #iis point, the slope of the load
curve reduces with the loss of sway stiffness efftame. The reduction of slope
occurs with the formation of each new hinge untih@hanism allows the frame to
collapse. The nonlinear lo&ticurve has a similar shape to the nonlinear-6ad
curve. Kemp approximates it with a linear disttibo between the limits of elastic
behaviour X;, /i) and first order plastic collapse in the criticalmbined collapse
mechanismX,, /). This bilinear curve is shown in Fig. [2.11c].
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Fig. [2.11] Scholz (1981) test frame with load- and load-X graphs
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The value ofX can be found for any load between zero Anbdy using the following
formulae:

o</ </, : X:X./L (2.62)

X - X))/ -1,
li<lI<l, : X=X+ ( p/ ')(/ ) (2.63)
p - i

If gravitational loads remain constant, thémemains equal t¥; until load/; is
reached. Thereafter, Eqn. (2.63) will again apply.

Currently the limit of elastic behaviour for a dteection is represented by the
satisfaction of the interaction equation Eqn. (2.68he calculation ob), for this
equation requires a first order elastic analysithefframe, and the identification of
the prevailing independent mode of sway.

C ,U,M,  05s

—* =10 (2.64)
Cy M p Sy
where s = Axial stress in a longitudinal fibre
0.5 = Weighting factor for residual stress in steeltiems

subscriptresrepresents residual stress effects from rollinthefsection

The calculation of the limit{, /,) is performed using conventional plastic analysis.
It must include the effects of the reduced plastanmentM’,, as well as the reduced
flexural rigidity EI'. The reduced plastic momewit, is calculated by ignoring equal
areas closest to the centroid that are capableststing the axial force when at yield
stress. The axial force used when calculaliigis the estimated axial force at
failure of the frame. As yielding occurs under toenbined action of axial force,
bending moment and residual stress, the flexugality of a typical W-shape will
reduce as shown by the solid line in the graphigf[2.12]. Kemp (2000) proposes a
bilinear simplification for the moment-curvatureagh, shown by the dashed line in
the same figure. The bilinear approximation ishsti@at a member subjected to a
bending moment that varies linearly from zerdAg will rotate by the same amount
at a maximum curvature dbMy/EIl. The reduced flexural rigidity given by the slope
of the ‘elastic’ portion of the bilinear graph istdrmined from the following
empirical equation:

EI'_1_1c 2.65)

El f C,

where f = Shape factor of the section
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Fig. [2.12] Moment-curvature graphs for a typical W-shape section

This assumed elastic-perfectly-plastic flexuraldegbur is used to model the spread
of plasticity in members in which plastic hingesnfioduring the formation of the
critical sway collapse mechanism. There are vardifficulties involved in
calculating the limitXp, /). The designer must be able to identify the aaiti
combined collapse mechanism and calculate thediosr inelastic sway deflections
in this mode prior to collapse. The calculatiortte# deflections involves the use of
virtual work, and requires a careful distributidnvetual force so as to avoid the
inclusion of unknown plastic hinge rotations. MEus reason, it is important that the
designer knows the sequence in which the hinges.fdf the critical collapse
mechanism is a partial mechanism, the virtual watkalso require the calculation of
various indeterminate moments owing to the str@csustatic indeterminacy. Kemp
(1989, 1990b, 1997, 1999) has developed a gererabifity-based method of elastic
and inelastic analysis that addresses these isSexgion 4.2 of this report describes
the determination of the critical combined collapsechanisms and associated sway
deflections for the test frames.

Calculation of the inelastic instability lodeis based upon the assumption that the
P-Deffects result in an independent mode of sway &g the actual collapse
mode. This independent mode of sway should bedhee mode used in the
calculation of the limits of the bilinear loafigraph. In calculatings, the first order
collapse load s for the chosen sway mode is first calculated ufirsg order plastic
analysis. When the product of the load and itsesponding amplification factor
taken from the loa& graph equalgs, then inelastic instability is said to have
occurred.

U/, =/, (2.66)
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For the portal frame in Fig. [2.10d]s =/, = 2.16 and Eqn. (2.66) yields a failure
load at/;= 2.05. This load equals the failure load deteadifor this frame by a
flexibility based, second order elastic-plasticlgsia. The loaeX graph illustrating
the position of the failure load is shown in Fig.10c].
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3 LABORATORY TESTING

Laboratory testing took place in the Hillman He&tyuctures Laboratory during the
year 2001. The objective of the tests was to caplata such that the following
information could be established:

1. Section and material properties:These properties, determined from the
results of tensile tests, were required for bilm@&thod calculations as well
as for finite element analysis.

2. Failure loads: These observed loads provided a means of direepagson
to the predictions of instability made by the bélar theory.

3. Hinge positions: The hinge positions helped to indicate the failmedes of
the frames, and thereby tested the assumptionihteatnbraced sway frames
would fail in modes of pure sway.

4. The load-deflection curves:The observed deflections were reduced to first
order deflections, thus enabling the constructibthe actual loaeK
relationships of the frames. The le&turves were also useful in identifying
the loads at which inelastic behaviour commenced.

3.1 Coupon Tests

3.1.1 Test procedure

Laboratory work commenced with the tensile testthefsteel section used to produce
the frames. This section was a 25mm X 5mm mildldtat, supplied in 6m lengths
from the laboratory stock. Each frame was buitrfra single length of flat so as to
minimise the variation of material properties bedqwéts members. Two coupons
were prepared for testing purposes from each ofrtee supplied lengths. The
coupons were milled to nominal cross-sections ofih5X 5mm over parallel lengths
of 350mm. Each cross-section was measured a thecations along its length such
that its average cross-sectional area could belledéd. A strain gauge was fitted to
measure extension over a gauge length of 203miowiolg which the coupon was
prepared for testing in the hydraulic Macklow-Snt#kting machine. An illustration
of a typical coupon is given in Fig. [3.1]. Withihe elastic range of stresses, load
was increased in 2kN increments with readings @iedeon taken at each increment.
When the deflection readings indicated that thesststrain behaviour was becoming
nonlinear, the testing machine was set to strarsgiecimen at a constant rate and
readings of load were recorded for every 1mm irsgea extension of the gauge
length. This process was continued until suffitEnain-hardening had taken place
to allow the calculation of steel stiffneSsin the zone of uniform plastic elongation.
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The tests enabled the calculation of engineerirggses and strains only, as no
measurements were taken of cross-sectional dimensiaring loading.

Parallel Length = 350mm

Gauge Length =203mm

—{ 15mm

— 25mm

()
N

Fig. [3.1] Typical coupon for tensile testing

3.1.2 Section and material properties

The test results of coupon 1a, as recorded in T&kl¢, were typical of the coupon
tests and are used here to describe the treatrhér@ data. The stress-strain graph of
this test is illustrated in Fig. [3.2]. It showlearly defined zones of elastic
deformation, non-uniform plastic elongation (durimgich Luders bands propagated
across the coupon), and uniform plastic elongad®strain hardening took place.
The data logging intervals were too coarse to atleevcalculation of the upper yield
stress, however yielding appeared to occur atadnstf 0.0018 with a lower yield
stress of 315MPa. Young's moduldsvas determined graphically from an enlarged
portion of the stress-strain graph and was fourttkt@07GPa. Strain-hardening
appeared to initiate at a strain of 0.025, incregashe stiffness of the plastically
strained stedks to 2.35GPa.

Simple bending theory shows that for a partly yaeldolid rectangular section in
uniaxial flexure, bending moment is related to disribution of cross-sectional axial
stresses as follows:

d> vy?
Mzsy T—Ey (31)

where b = Breadth of section
d = Depth of section
yy = Distance from neutral axis to first longitudiridre at yield stress

The above formula assumes that the stress-stiaimoreship is elastic-plastic, and
that the section carries no axial load. A diagadrauch a section is given in Fig.
[3.3]. Wheny, equals zero, the section is completely plastid, tae moment is the
fully plastic momeni,.

M =Y (3.2)
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L A C L E
COUPON 1a , ‘
(mm) (mm?) | (kN) (mm) (MPa) (GPa) (MPa)
203 76.41 0 0 0 0 207 315
2 0.03 26.176] 0.000148
Width [ Thickness A 4 0.055 52.352] 0.000271
(mm) (mm) (mm?) 6 0.08 78.528| 0.000394
End L 15.1 507  76.557 8 0.105 104.704]  0.000517
10 0.13 130.880]  0.000640
Width [ Thickness A 12 0.155 157.056]  0.000764
(mm) (mm) (mm?) 14 0.18 183.232|  0.000887
Middle 15.12 5.04]  76.2048 16 0.21 209.408]  0.001034
18 0.235 235.584] 0.001158
Width [ Thickness A 20 0.26 261.760] 0.001281
(mm) (mm) (mm?) 22 0.285 287.936]  0.001404
End 2 15.08 5.07]  76.4556 24 0.32 314.112] 0.001576
24.84 0.555 325.106] 0.002734
Where: 25.01 1.055 327.331] 0.005197
25.2 1.555 329.818] 0.007660
L = Gauge lengh 24.8 2.055 324.583] 0.010123
A = Cross-sectional area 25.39 2.555 332.305] 0.012586
C = Tensile load 24.75 3.055 323.928] 0.015049
L = Extension 24.9 3.555 325.891] 0.017512
= Axial stress 25.3 4.055 331.127] 0.019975
- Axial strai 24.85 4.555 325.237| 0.022438
= Axaistrain 243 5.055]  318.039] 0.024901
E = Young's modulus 24.87 5555 325.499] 0.027365
y = Yield stress 26.1 6.055 341597 0.029828
26.93 6.555 352.460] 0.032291
27.47 7.055 359.528] 0.034754
27.97 7.555 366.072| 0.037217
28.41 8.055 371.830] 0.039680
28.82 8.555 377.196] 0.042143
29.21 9.055 382.301] 0.044606
29.55 9.555 386.751] _ 0.047069
Table [3.1] Tensile test data of Coupon 1a
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Fig. [3.2] Coupon 1a stress-strain graph
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Equation (3.2) is the solution of the classica¢strblock approach, returning a value
of 50.4Nm for coupon la. In the presence of dgiadl, the contribution t¥, of the
yielded cross-sectional area closest to the neatialthat is capable of resisting the
axial load is usually ignored. The highest coluad recorded during the laboratory
testing of the frames was 0.65kN. This axial loadld be resisted by a 25mm wide
by 0.084mm deep portion of the section at yieldsstr When placed symmetrically
about the neutral axis, this portion of the sectimuld contribute less than 0.03% of
the full Mp. For this reason, the effects of axial load\Wywere ignored in the
bilinear method calculations.

05d| —+—F S———————- - — ¢

STRESS STRAIN

Fig. [3.3] Cross-sectional stress and strain distoutions for a mild steel section in
flexure

The effects of strain-hardening on flexure weresidered by calculating the
proportion ofM, attained before strain-hardening began at ther dibtes of the
section. When strain-hardening begins at theser dibores, by proportion of the
cross-sectional strain diagram we have the follgwalationship:

(3.3)

where = Strain
Subscripty represents the condition of yielding
Subscripts represents the condition of strain hardening

Dividing Eqn. (3.1) by Egn. (3.2), we get the radfathe moment for the partially
yielded section to that of the fully plastic moment

2

<
<

1
o

(3.4)

o
Sy
N =3

(by Egn. (3.3))

I
H

1
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) |<<'D
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Substituting in the values fog and s as taken from the coupon stress-strain graph,
one finds that had the member flexed sufficiendlydtrain hardening to take place,
the section would already have achieved 99.8%sdtit plastic moment.

SECTION d E ) M,
PROPERTIES
SUMMARY (mm) [ (GPa) | (MPa) | (Nm)
) Coupon 1a 506]  207.0 315 50.4
Section 1 I on 1b 500  216.7 320 50.0
) Coupon 2a 298] 2165 320 29.6
Section 2 == supon 2b 515]  207.1 315 52.2
. Coupon 3a 5.04 207.2 318 50.5
Section 3 == S upon 3b 507]  218.0 315 506
Average Section 5.05 212.08 317.17 50.6

Table [3.2] Summary of section properties

The test data and stress-strain curves for theingl@aof the coupons follow in
Appendix A. These results are summarised in TEBE. From the distribution of
section properties across the coupons, it seenaswmable to average the properties
across the three original lengths of flat bar. $aetion properties of the ‘average
section’ were used to define the input for thetéirdlement analysis, as well as for the
bilinear amplification factor method. The yieldestses listed in Table [3.2] were
determined by a subjective interpretation of thepom stress-strain curves.
Subsequent calculations using the offset methodagpidstic strain of 0.2 percent
produced an average yield stress of 320.83MPas Vidlue was only 1.16 percent
greater than the 317.17MPa used in the memberrantefanalyses. Errors of greater
magnitude are routinely expected in the testing@ss due to the combined effects of
strain rate variations, grip and coupon misaligniereasurement error and the
natural variation of material properties. Morequarger errors were inherent to the
testing process of the frames themselves. Foetrezsons it was deemed
unnecessary to reanalyse the frames and membérs wield stress of 320.83MPa.

The finite element analysis of the frames requitedinput of the moment-curvature
relationship of the section. For elastic flexutes relationship was defined by the
fundamental bending formula of Eqgn. (3.6) below.

s,
M=El-EF  (formg>
R 0.5d

) (3.6)

For the conditions of inelastic flexure, Eqn. (3can be modified to give moment in
terms of curvature:

M=M ’s b fi |\/|3SyI 3.7
=M, - éls, (for 0.5d) (3.7)

F2

The curve given by the two formulae above is preskem Fig. [3.4], along with the
simplified quad-linear representation that was wsedhput for the ABAQUS model.
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Although the graph ends at the point that strainés@ing would have begun,
ABAQUS showed that this degree of curvature way aohieved in very localised

regions near failure.
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Fig. [3.4] Moment-Curvature graphs of the test frane section

3.2 Frame Tests

3.2.1 Selection of frames

The frames were based on a portal structure tlthbban tested previously in a
postgraduate civil engineering course at the usityer Each frame was of single bay
and single storey construction, and was supponyddlly fixed column bases. The
section was orientated to force bending about thakvaxis so as to exclude the
effects of out-of-plane behaviour. Loading waslegpbmonotonically, and was
achieved vertically by means of four equal conaett loads placed symmetrically
about the beam’s centre, and horizontally by alsingncentrated load applied at a
column top. Diagrams of the frames and their Ingaionfigurations are given in Fig.
[3.5]. The distance between the outermost vertazds was labelled the ‘loading
length’, and the ratio of total horizontal loadttdal vertical load the ‘sway ratio’.
The frame named ‘kempspl’ was identical to thegrastuate course portal, with a
height of 400mm, a span of 800mm and a sway rditRD%. The remaining frames

were variations of the kempsp1 frame.
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ii) Loading length variations

Span = 800 Span = 800
@ @
2z w4 wi4 w4 wi4 Wi4 W4 W/4
®
B Ewwis B Ewwis
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Loading length = 740
= 2 Loading length
< < — 444
A D A D
kempsp1 o 0.611 m
i) Span variations
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B =il W4 Wia Wik Wi
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Fig. [3.5] Geometries and loading configurations othe test frames

60



i) Span variations: The ‘0.6span’, ‘0.8span’, ‘1.2span’ and ‘1.4spaames
varied from 60% to 140% of the span of the kempsathé&. These
frames also had a sway ratio of 20%, but the res@elctading lengths
increased or decreased proportionately to the spans column heights,
as with all the frames, remained unchanged at 400mm

i) Loading length variations: The ‘0.6l and ‘0.4II' frames had similar
geometries and sway ratios to the kempsp1 franteyibi loading lengths
of 60% and 40% respectively of the kempsp1l loadingtte

iii) Sway ratio variation: The ‘0.33sway’ frame had the same geometry and
loading length as the kempspl, but with a sway r@iti33.33%. This
frame was initially to be tested as a ‘0.8ll', lildvas decided that the
‘0.6II' and ‘0.4II' frames would test the effect tdading length variations
sufficiently.

The choice of rectangular frames and concentratadty loads had various
associated benefits. It greatly simplified thegesses of fabrication, laboratory
testing, the interpretation of test results, andegal structural analysis. The single
pure sway mode of the frames required only thernaltop deflections and
corresponding loads to define the leddelationship. Measuring sway for inclined
members would have been significantly more comidand would have introduced
further possibility of laboratory error. The slemanembers used in the frames
allowed for very pronounced deflected shapes. @itied accurate measurement of
sway deflections and thereby ensured high quadita for the construction of the
load-X graphs. Since only two welds were necessaryéh &ame, the locations at
which section properties varied were minimised.e &pplication of point loads
helped to indicate the positions at which hingeghinform and thus made sway mode
failures more predictable. Since these loads wpptied by means of hanging
weights, the possibility of a poorly calibrateddozell giving an incorrect reading was
eliminated.

3.2.2 Equipment and testing

A typical test frame set-up is illustrated in Hig.6]. Fixity of the column bases was
achieved through the use of purpose made clamash 8amp comprised a sturdy
steel block, the top of which had been slotteceteeive a column. The clamps were
positioned on a trestle table to suit the spamefftame, and were then fastened to the
table by means of G-clamps. With the frame in @Jacbolt in the side of each clamp
was tightened to secure the column bases in posiflevo analogue plunger-type dial
indicators were mounted on the trestle table, onenfeasuring horizontal sway
deflection at joint B, and one for vertical deflect of the centre of the beam.
Recordings of deflection were taken from each gdagéhe zero load condition.

Two separate load hangers were used for the agiplicaf load. The construction of
the vertical load hanger was such as to dividembight of the loading plates into
four equal loads and apply them to the beam irsgieeified positions. Vertical load
hangers, or components thereof were made for eatdtion of loading length.
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Fig. [3.6] Typical test frame set-up

The ability of the hangers to move with the stroetiielped ensure that the loads
remained vertical at all times. The horizontalddeanger transferred the load to the
column top by means of a sheathed steel cabledawer a pulley. The load hangers
were weighed, and then placed on the frame. Stoalpensating weights were
added to the hangers to maintain the correct sat&yst and deflection readings were
recorded under the corrected weight of the hang&ppendix B includes
photographs of the testing of three frames in éf@tatory.

The loading plates were available in masses of 50Kg, 2kg, 5kg and 10kg. Load
was applied to the two hangers in the necessapoptions, and deflections recorded
after each placement of load. Large load incremesere used at low levels of load.
When deflection readings indicated that nonlinegrdviour was beginning to take
place, the load increments were decreased inaiakhaw the nonlinear behaviour to
be followed more accurately. Load increments thecame as small as the available
weights allowed until failure occurred. Collapgdale frames was regarded as having
occurred when the addition of load caused an isongarate of deflection with time.
The failure loadM; was taken as the load preceding that under whietirame

actually collapsed. This was a conservative agirpas the actual failure load would
have fallen betweewW;: and the collapse load.
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Fig. [3.7] Deflected shapes and apparent hinge ptishns of the laboratory-tested
frames
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During the elastic behaviour of the frame, the elgfbns caused by each addition of
load were achieved within a few seconds of haviagqd the load. Nearing the loads
at which the first hinges were anticipated, creegamn to take place and the frames
took longer to stop deflecting under the loadsisTi@came progressively severe as
loads increased, with frames taking up to 45 mmpir increment to reach full
deflections near failure loads. Readings of défiecwere recorded when the
deflection under the current load was increasingdtymore than one graduation, or
0.01mm, every thirty seconds.

3.2.3 Failure loads and modes

Figure [3.7] shows the recorded failure lo&dsand the approximate deflected shapes
of the laboratory-tested frames. The locationthefplastic hinges after collapse are
marked on the diagrams with small solid-shadedeastc These hinge locations were
determined by inspection of the frames after they been unloaded and removed
from the testing rig. Hinges were characterisedblbglised regions of pronounced
permanent curvature and were often accompanietefracture of mill scale.

Hinges at joint C formed approximately 10mm beltw &ctual joint in all test cases.
This was probably due to the local strengthenifgotfof the weld fillet on the joint.
None of the welds displayed obvious signs of frecafter the tests.

PLASTIC ANALYSIS LABORATORY TEST ABAQUS
Member mech. |Combined mech. Wy W, Wi (2nd order inelastic) Difference as % of ABAQUS results
(kN) (kN) (kN) (kN) (kN) Minimum difference | Range of diff  erence
kempspl 1.319 1.009 1.033 1.017 0.00% -1.57% to 0.79%
mode b| mode 1 mode 1| mode 1| (negative bias):
0.6span 2.198| 1.303| 1.327| 1.284 -1.48% -3.35% to -1.48%
mode b mode 1 mode 1| mode 1| (negative bias)!
0.8span 1.648 1.107 1.131 1.135 0.35% 0.35% to 2.47%)
mode b mode 1 mode 1| mode 1] (positive bias)
1.2span 1.137 0.861 0.886 0.917 3.38% 3.38% 10 6.11%
mode b mode 2 mode 1| mode 1| (positive bias)

0.788 0.813 0.811

approximating mode 1|

0.00% -0.25% to 2.84%

(positive bias)

1.4span 1.008
mode b mode 2

0.6l 0.898
mode b mode 2

0.4ll 0.784]
mode b mode 2

1.319 0.84 0.855
mode b mode 1 mode 1|

Table [3.3] Frame failure loads from plastic analyss, laboratory testing, and
second order inelastic ABAQU®4gts

0.69 0.715

mode 1]

0.732]
approximating mode 1|

2.32% 2.32%t0 5.74%

(positive bias)

0.641 0.624

approximating mode 1|

0.00% -2.72% t0 5.13%

(positive bias)

0.832
mode 1]

-0.96% -2.76% to -0.96%

0.33sway
(negative bias);

First order plastic analyses were performed onetimsdes of member and combined
member and sway collapse that were anticipatea tmdst likely. Figure [3.8]
illustrates four such modes and the respective ditarfor the calculation of the
collapse loads. The two possible member failurelrapisms were labelled modes
‘a’ and ‘b’, and the most critical combined meclsmns were labelled modes ‘1’ and
‘2’. An example of the derivation of such a collegead is shown for mode 1 in the
same figure. Table [3.3] summarises these fideoplastic collapse loads, the
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laboratory test loads and the failure loads ofstaeond order inelastic ABAQUS
analyses of all the frames.

M 2M
W :;’y W = py
a a+b
bg =(L- b)f
g =(L-b)f /b (eqn1) _ My (b+l)
aLx +blLx +bhy
Externalwork :

W/y)ag +bg +bf +af’)+W/x)hg
= (W/y)@(L- b)f' Ib+b(L- b)f" /b+bf" +ar’)
+(W/X)h(L-b)f' /b (byegnl)

Internalwork :
M, (4q" +2f")
=M, (4(L- by b+ 2F") (by egnl)

Settingexternalwork equalto internalwork andsolving for W :
_ Xy (4L- 2b)M
aLx +bLx +hLy - hby

y = 4for all testedframes
x =3for the 0.33swayframe
x =5for the remainingframes

Fig. [3.8] Probable failure mechanisms and resultig loads from plastic analysis
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It appeared that the combined mechanism of modevaped for all of the
laboratory-tested frames except for the 1.4sparOagldexamples. This mode
required hinges at joints A, C and D, and unded [Ba The plastic analysis shows
that mode 1 produced the lowest first order failoes for the kempsp1, 0.8span,
0.6span and 0.33sway frames, and as such was peeter failure mode. For the
remaining frames, due to their increased span®adéctreased loading lengths, the
first order member mechanisms became more crifizad the first order combined
mechanisms. In the case of the 0.6l frame, titeréaload of the critical combined
mechanism was twelve percent larger than thatetthical member mechanism. In
spite of this trend, thB- effects were sufficient to induce sway-relatedufais in all
of the frames. For 1.2span and 0.6l frames tmeldoed mechanism of mode 2
actually produced a lower first order failure Idadn that of mode 1. In light of this,
| am unsure why the actual frames failed in mode 1.

The 1.4span frame failed with clearly defined himgéjoint C, under load 2, and
approximately 150mm from joint A in member AB. $lseemed an unlikely failure
mode given that four hinges were required for tleeanism condition. However,
ABAQUS analyses of the frame revealed that the@tength of member AB was
stressed beyond the yield momeéftat failure. The distributed loss of flexural
rigidity resulted in plastic rotation throughouetlength of member AB, thereby
allowing the unconventional failure mode observethe laboratory. A similar mode
occurred in the 0.4l frame, as evidenced by thenpeent curvature throughout
member AB after failure. In both frames, the sewdgflections of the beams were
accompanied by tensile forces that drew the coltopse towards each other. The
columns were so forced to bear their axial loaddstvim a bowed shape, resulting in
excessivd’- moments. Failure modes involving plastic flexwstesses throughout
a column length would be most improbable in strrggithat conform to codified
slenderness ratio limits.

3.2.4 Load versus deflection and incremental amplification factor

The load graphs for each frame were constructed directlynfthe test data and are
illustrated in figures [3.9] to [3.11]. The datar the laboratory tests are tabulated in
Appendix C. All curves, except that of the 1.4sframe, exhibit clearly defined
regions of linear response to load prior to theetlgwment of plastic moment hinges
and significant P-delta effects. The high slendssnof the 1.4span frame resulted in
large deflections at low levels of load, and hegeemetrically nonlinear behaviour
developed before inelastic stresses. Each frameitigsed the majority of its load
carrying capacity before the formation of the fingige at joint C. While some of the
curves appear to show several abrupt changespe,dioere was uncertainty as to
whether these locations accurately represent tslat which successive hinges
formed. It became apparent after running the AB/AQEksts that the remaining
hinges required to form a mechanism would oftemfsimultaneously and in quick
succession. In retrospect, significantly smaltexd increments should have been
used such that these hinges could be shown relaabtiie graphs.

The span variation load graph of Fig. [3.9] shows a trend of increasinggw

stiffness with decreasing span. It also showsnbatinear behaviour began at higher
loads in the stiffer frames. This trend helpeddtmntify a possible weld failure in the
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0.8span frame. The hinge at joint C in the 0.8dpame occurred at approximately
the same load as it did in the less stiff kempspfné. The loading length variation
frames shared the same geometry and sway ratithasdvere expected to have the
same initial sway stiffness. This was verifiedtbg load curves of Fig. [3.11],

which possess similar slopes until the first hifg@nation in the 0.4l frame.
Unfortunately, the nonlinear behaviour of this feamias not captured since there was
only one load increment separating the first hifggenation from failure. As the
loading lengths decreased, the bending momentgibéams became greater,
causing the spread of plasticity at lower loads.
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Fig. [3.9] W- graph of laboratory-tested span variant frames
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Fig. [3.10] W- graph of laboratory-tested loading length variantframes
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Fig. [3.11] W- graph of laboratory-tested sway-ratio variant frames

In Fig. [3.11], the 0.33sway frame displays a siwdlr load curve than the
kempspl frame due to its larger proportion of @tévad. The shapes of the two
curves are, however, quite similar given the ideitgeometries, load positions and
failure modes of both frames.

The loadX graphs required manipulation of the observed dtfies to determine the
incremental amplification factors. For a rectamgdtame, the expression f&ras
given by Eqgn. (2.58) simplifies to the following:

_SGDf u
_f'D,SC,
LSy,
ey

VL

(3.8)

Since the sway ratig/C and the column length remained the same in the tes{ss
effectively equal to the product of a constant #relfirst order deflection,.
Substituting this value of into Eqn. (2.45) gives the following relationship:

D, (3.9)

~1- (CD, IVL)

Eqgn. (3.9) can be rearranged to exprgsa terms of .
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D= 2 (3.10)
1+(CD)/(VL)
This formula was used to convert the recorded difies into first order deflections,
which in turn were substituted into Eqgn. (3.8) toquce the values &f. The loadX
graphs are shown in figures [3.12] to [3.14]. Theves are similar in shape to the
corresponding load curves, but the relative loss of stiffness after formation of
the first hinge is less pronounced in the ldadurves. This results fropk being
expressed as a function of a first order deflectimnce the weakening effects of
geometric nonlinearity are excluded.
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Fig. [3.12] W-X graph of laboratory-tested span variant frames
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Fig. [3.13] W-X graph of laboratory-tested loading length varian frames
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Fig. [3.14] W-X graph of laboratory-tested sway ratio variant frames

The loadX graph of the loading length variations shows timathe case of the frames
tested in this project, the positions of the gmtidnal loads on the beams certainly
affected the loa relationship. A further consequence of the exgiogsforX is
demonstrated by the sway ratio variation graphsigf[3.14]. These graphs show
the kempspl and 0.33sway frames as having the slape in the elastic zone for the
load-X curves, yet markedly different plastic zone slofoeghe load curves. This
can be explained as follows:

During elastic behaviour of the frame, the firdd@rsway deflection is proportional
to the total shear force on the frame:

D uv
(3.11)
= Blv
where B; = Constant
Substituting Eqgn. (3.11) into the expressionXas given by Egn. (3.8):
X = CD,
VL
= M (3.12)
VL
=B,C

where B, = B4/L
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Eqgn. (3.12) shows that for a given frame with satl positions, during elastic
behaviour the amplification factaf, should be independent of the sway ratio.

3.2.5 Laboratory error

The most significant source of laboratory error wasst probably the variable
strengths of the welded joints. The 0.8span frdemaonstrated that in spite of a weld
fracture being invisible to the naked eye, it casgderely compromise the stiffness of
a frame. The only way to guard against the delstaiyg effect of a weak joint was to
ensure that the weld was stronger than the paeetipe. This was achieved for most
of the frames as the hinges formed slightly belointjC. The sizes of the weld fillets
in relation to the lengths of the members were beraugh that their effects on sway
stiffness were ignored.

The greatest practical refinement that could haenkmade to the testing process
would have been to use smaller increments of laaalge increments should not have
introduced errors into the testing process, busfi@sely populated loadgraphs
made the nonlinear behaviour of the frames diffitminterpolate. Fortunately, they
did allow failure loads to be determined quite aately as the smallest load
increment was only 4% of the lowest failure loadhodd future testing be performed
on similar frames, it is recommended that vertical increments of 500 to 600
grams be used once loaddata indicates that nonlinear behaviour is takitage.

This should enable the researcher to identify withfidence the loads at which
successive hinges form.

Further smaller sources of error included the degfdixity of the bases, the effect of
impact loads as weights were placed on the hangextgrial defects and initial
member curvatures, and the alignment of deflegemunges. Though the degree of
restraint of the clamps on the column bases waseatsured, there appeared to be a
good degree of fixity in all test cases. This agstion was due to the hinges having
formed immediately above the clamps, with no pemmarcurvature observed in the
gripped lengths. Some difficulty was experienageg@lacing the initial larger load
plates of ten kilograms or more gently on the lbadgers. As the loads were set
down, they struck the hanger causing impact loadsnaomentary spikes in
deflection. Fortunately, when the structure waset to collapse and thus more
sensitive to load, the lighter load plates coulgplzeed more carefully on the hangers
to reduce this effect. Material defects were wiiilover such small lengths of
section, and the tensile tests of the coupons sthola all the original lengths had
similar material properties. Initial curvaturestbé members were insignificant in
comparison to the curvatures induced by the feat increments of load.

3.3 Comparisons with ABAQUS Tests

The failure loads of the second order inelastic ABAS analyses are presented in
Table [3.3]. These loads were compared to therédbry results by expressing the
differences between corresponding failure loads psrcentage of the ABAQUS
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loads. For each frame, a margin of error was ¢atled based on the fact that actual
failures had occurred in the laboratory when tlafowere between: andW..

Fig. [3.15] Deflected shapes, moments and loadsfatlure of the ABAQUS-tested
frames
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Since both the laboratory testing process and BAQ@US analyses were subject to
various inherent errors, an explanation of therdigancies between the results for
each frame would likely be inconclusive. The laiory errors have been discussed
above, while the ABAQUS errors arose from idealisedtion properties (which
themselves were derived from laboratory tests)mnehdary conditions, and
simplified meshes and displacement functions. reimge of differences, as seen in
the last column of Table [3.3], reveals in gendnat loads obtained from ABAQUS
were slightly higher. The 1.2span frame exhibttezlhighest positive margin of error
at +6.11%, while the 0.6span frame had the largegative margin of —3.35%. Even
the 0.8span frame, which appeared to fail at the Wed a possible error range of
only +0.35% to +2.47%. The remaining frames diffdogdo more than 5.74%. In
the cases of the kempspl, 1.4span and 0.4l fraitmeABAQUS loads fell between
the W; andW, laboratory loads.

In Fig. [3.15], the bending moment diagrams arexshsuperimposed on the
deflected shapes of the ABAQUS frames at failurbe hinge positions, and thus the
failure modes, compared favourably with those efltboratory tests which are
illustrated in Fig. [3.7]. However, in two caseBAQUS indicated a broader
distribution of plastic flexural stress than th&ateely short moment hinges seen in
the laboratory. For the 0.6ll frame, ABAQUS calteld that the highest degree of
flexure was situated about the middle of column A&her than concentrated in a
hinge at joint A. It also showed near-uniform thes of column AB in the 1.4span
frame, while the laboratory test revealed a dedihinge 150mm from joint A. This
hinge may have been due to post failure deformaisthe frames had been allowed
to deform continuously to ensure that collapseth&d taken place.
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Fig. [3.16] W- graph of ABAQUS-tested span variant frames
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The ABAQUS load graphs are illustrated in figures [3.16] to [3.1&hd the data
used to construct these curves are tabulated ieigip D. The corresponding

curves from the laboratory tests are representditeigraphs by the dotted black
lines. In all three graphs, the correlation betwte two sets of curves is clear. The
ABAQUS models tended to underestimate slightlyelastic sway stiffness of the
frames in all cases except the 1.4span frame. eltwwves also showed a less severe
transition into nonlinear behaviour, and smootbsslof stiffness thereafter. This
may have been due to the simplified moment-cureatelationship that was used to
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model the ABAQUS frames, or as a result of the sedwad intervals used in the
laboratory. Similar correlation is seen betweanttho sets of loa& graphs given in
figures [3.19] to [3.21]. There is a pronounceffedence between the ABAQUS and

laboratory results for the 0.8span frame, suppogtine possibility that

there was a weld failure at joint C in this instand he laboratory test curve for this
frame shows that the frame continued to defleamsively in the nonlinear zone
until a collapse load was attained that was closestABAQUS counterpart.
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Fig. [3.21] W-X graph of ABAQUS-tested sway-ratio variant frames

During the laboratory tests, sway deflection wassueed only at joint B. ABAQUS
results later revealed that significant discrepasieixisted between the values of
horizontal deflection of the two column tops. Thesulted from the sagging of the
flexible beams that reduced the horizontal distarween the member ends.
lllustrated in Fig. [3.22] is a load graph showing deflections of both the column
tops of four selected frames. In the stiffest eplmnthe 0.6span frame, there was
little difference between the sway deflections oftbcolumns. As the spans became
longer and the beams sagged more severely, thmnodlps were drawn closer
together. In the example of the highly flexibldgpan frame, joint C actually began
to move in the opposite direction to the appliedgWoad prior to failure. This trend
was even more apparent in the 0.4l frame, wheral#flection of joint C at failure
was reduced to less than its value at the formatidhe first plastic hinge. While this
behaviour did not present a problem for the purpageomparing the laboratory and
ABAQUS results, it introduced a complication intetcalculation of the
amplification factor. The isolation of the firstder deflection} required the
condition that the first order deflections of bathlumn tops were equal. This point
was shown in Eqgn. (3.7) where the expressfop fi,-* was rewritten aﬁij*au ;.
With equal first order deflections and only one éfigation factor, it followed that
the theory would erroneously predict equal secadérodeflections of the column
tops. Clearly the amplification factor had not eerived to account for this
consequence of large deflection theory. The defleof joint B was exaggerated by
the sagging of the beams, thus the loadnd loadX graphs based thereupon would
underestimate the sway stiffnesses of the columns.

In the practical design of single bay rectangulamfes with equal height columns the
assumption that actual sway deflections are equalf columns is more applicable.
The 0.6span frame, which showed minor differeneds/ben the column sways from
zero load to failure, had column slenderness ratias/er 320. In clause 10.4.2.1 of
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SANS 10162-1:2004, it is stipulated that the maximallowable slenderness ratio of
a member in compression is 200 unless action entédk control flexibility, sag,
vibration and slack. Consequently, practical framdl be even stiffer and therefore
less susceptible to differing sway deflections lestwcolumns. Furthermore,
considerations of serviceability will also resuitstiffer structures. In industrial type
structures supporting elastic cladding, the vertiedlections are limited to span/180,
as are the lateral deflections due to wind. InQlgspan frame, both of these
deflection recommendations were violated beforddhd had reached 22% of the
frame’s ultimate load capacity. Unfortunatelywds necessary to limit the sizes of
the test frames due to constraints on the matarasequipment required to fabricate
and test them. Since the frames were small, thmbmes were slender such that
accurate recordings could be taken of deflections.

1.400

A
1.200 f.f.ﬁ
1.000 ;”' —
B ] —e—kempsplB
Bt —a—kempspl C
0.800 v — = —a— 0.6span B
2 ) /7/ _ —@m— 0.6spanC
2 7 l.4spanB
0.600 _/’7% — ——— —] — l.4spanC
¥ 0.41B
I8
// 04lic
0.400 /‘,
0.200
r
0.000

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00

(mm)

Fig. [3.22] W-Dgraph of both column tops of ABAQUS-tested frames

Given that the maximum failure loads produced by imdependent methods of
testing did not deviate from each other by mora 2%, the ABAQUS and
laboratory results compared favourably. Most ata@methods of structural analysis
routinely miscalculate failure loads by more thhis imargin. The flexible frames
were highly nonlinear in their behaviour, yet ABAQUroduced very similar load
graphs to the laboratory tests, and replicatecthbeal failure modes in all cases.
This verifies that both methods were performedaxity, and that the results could be
used to test and refine Kemp’s amplification fatt@ory for at least the frames
tested in this project.

77



4  BILINEAR AMPLIFICATION FACTOR METHOD

The pure sway collapse mode used in the calculatidhe incremental amplification
factor X for the test frames is shown in Fig. [4.1]. Osaaplified by taking account
of the common sway rotations and column lengths etkpression foX was reduced

to the following:

WD 4.1)

LAB

where:Wix is the translational load on the frame

The following two subsections explain the first@r@lastic and plastic analyses that
were performed on the frames to define the bilimeeremental amplification factor
graphs, as well as the calculation of the failoas. In section 4.3 the predictions of
the amplification theory are presented for the apand comparisons are made with
the results of the laboratory and ABAQUS tests.

_SC,D,,f,

i i
sv,L 7
- "Dy (Cag + Cep) (sincef g =Fop =1
fﬂLAB(\/AB +VCD) =
andL,; = L)
_op, A8 = Lop
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X

y =4for all testedrames
x = 3for the0.33swayrame
x =5for theremainingrames

\' X= 30 for the0.33swayrame
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andX = b for theremainingrames
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Fig. [4.1] Pure sway mode for the calculation oX for the test frames

4.1 Calculating (X ;,//))

The point K;, /i) represents the limit of elastic behaviour ofracture. The load
factor/; is found by using a first order elastic analysisatisfying the interaction
equation of (4.2).

C UM 055 gy (4.2)

C M S

y p y
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This equation approximates the load at the formaoiothe first fully plastic section.
As joint C was consistently the location of greateescure during elastic behaviour, it
became the subject of Eqn. (4.2) for all of the tesnes. Residual stress effects
were ignored in this project, hence the téBsJ sy was neglected in the
calculations. Each frame was analysed to produedarces, deflections and load at
which Eqn. (4.2) was satisfied at joint C. Theustural analyses were performed
using the member stiffness equations of the slagkection method. Axial
distortions of the members were ignored, and theetlinknowns were identified as
the rotations of joints B and C, and the sway dwibe of the frame. Fig. [4.2]
illustrates the global and local axes, showinggbsitive directions for moments,
rotations, and individual forces and translations.

Fig. [4.2] Sign convention and free-body diagramsof calculating//; and X;

The effects of the loads and the effects of thenomlns on the structure were each
considered separately. These effects were themsdnand conditions of force
equilibrium and compatibility of deflection wereagkto construct a stiffness matrix
for the frame. Member BC was the only member sttbpkto transverse loads within
its length. The end moments of BC for fixed-endedditions were calculated for
each load acting in isolation, following which thenciple of superposition was
applied to obtain the effect of all the loads agtimultaneously (To reduce
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cumbersome notation, the subsctipias been retained in this subsection only fot firs
order sway deflectiol.).

Mge =(W/yLge)(@lye +blye - @%- b%)

. 4.3)

=- MCB

where: superscrigtrepresents the effects of loads with unknown défies equal to
zero

Thereatfter, the effects of the unknown deflectimese considered on the otherwise
unloaded structure. The relevant member stiffegsstions used for this analysis are
presented in Egn. (4.4) below.

A JJ 0L -j 2 jL,IL Y
Mu :E /.2”— /.4 '/2“— /.3 ql (4_4)
Vi L -/ -/, L j, 2 -j,IL Y
M;i /.2”— /.3 '/2“— /.4 qi

where superscrigt represents the effects of member end deflectiatismember
loads equal to zero

The stability functions assumed the values for zedial loads in the members:
j,=12 ; j,=6 ; j,=2 ; [,=4

In member AB, the deflections of the fixed end Arevequal to zero, thus the
respective stiffness equations for end B reduced to

Via = (L2E1/ Lyg)Ven - (BEI/ L3) g5 (4.5)
Mg, = - (BEI/ Lyg)Vea + (4EI 1 Lg) g, (4.6)

Similarly in member CD, the deflections of end Dualied zero, and the stiffness
equations were as follows:

V(;D = (L2El/ L3AB)VCD + (6El /LZAB)C/(: (4.7)
M::D = (6El/ LZAB)VCD +(4E1 /L p)q: (4.8)

The sway deflections were considered positive iamticlockwise direction. Hence

the locally positive horizontal translation of jola vsa was equal to the sway of
the structure as a whole.

(4.9)

Using this relationship, the member stiffness eigaatof the columns were rewritten
in terms of:
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Vea = (12E1 / L3,)D, - (BEI/L2,)q, (4.10)

M, = - (6E1/L25)D, + (4E1/L,5)gs (4.11)
V., =- (L2E1 / L3,)D, + (6EI / L%) g, (4.12)
M., = - (6EI/L2,)D, + (4El/L,.)q, (4.13)

In member BC there was no sway and the only deflestto consider were the
rotations of the member ends:

Mgc = (4E1/Lgc)gs + (2Bl Loc)ge (4.14)
Mg = (2E1/ Lgc)qs + (A4EI / Lo )qc (4.15)

Summing the independently calculated effects of mmibads and unknown
rotations and deflections produced the equationthfototal shears and moments on a
single side of a joint.

V. =V, +V. (4.16)
M, =|\/|i']_ +|v|i'].' (4.17)
Since no external moments were applied directipéojoints, the internal moments

on opposite sides of a joint were equated with sfipsigns. This created two
equilibrium equations in three unknown deflections.

Mga =- Mg (4.18)
Mg =-Mep (4.19)

An additional independent equation arose from #aessity for horizontal
equilibrium of the structure.

W/X)- Vg +V,. =0 (4.20)

As there were no transverse loads acting on thewuw, the end shears in each
column were equal and opposite in direction. Thgs.E4.20) was rewritten as:

(W/x)+V g, - Vep =0 (4.21)

The equilibrium equations of (4.18), (4.19) and®(4.were arranged into the
following matrix notation to aid the solution ofethunknowns:

- Mg 4EI/L,, +4El /Ly 2EI / Lye - 6EI/L%, g,
My = 2EI/ Lye AEI/Lg +4EI/L,, - 6EI/12, g
W/x 6EI /12, 6EI /L%, - 24E1/13%, D,

(4.22)
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After solving for the deflection vector, the defiens were re-substituted into
equations (4.10) to (4.17) to calculate total fosler moments and shears at joints B
and C. The calculations thus far produced the ingn@ioment at joint C, and the
terms necessary for calculating the amplificatiactdr at a given load. The axial
load in column CD, necessary for the te@i€C, in Eqn. (4.2), was calculated by
recognising that it was equal to the shear fMggof member BC.

Cep =Ves
=Veg +Ves (4.23)
=W /2- (6El/L2.)g, - (BEI/L%.)q,

There was now sufficient information to find a Ioabland deflection; that would
satisfy Eqn. (4.2). The value of deflectibh was substituted into Eqn. (4.1) to
calculateX;. The results of the laboratory and ABAQUS testsengraphed against
loadW, rather than load factdr. Since the nominal value of total vertical loadap
frame was chosen as 1kN, the magnitudé/afas actually equal to and thus
interchangeable with. For the sake of consistency, the bilinear inaetal
amplification factor graphs were also constructgalmstWV.

4.2 Calculating (X ,,//p) and//

The point K,, /) represents the limit of plastic behaviour of rasture. This is
regarded as being the critical sway collapse mashaas determined from a first
order plastic analysis. Each frame was staticaliieierminate to the third degree, and
had eight locations where plastic moment hinge®wkely to form. These locations
occurred at the supports, at joints B and C ancutiee vertical loads. Consequently
there were five possible independent collapse meshs. These included four
member mechanisms and the pure sway mechanisnsdestabove. Each member
mechanism had hinges at joints B and C, and orgehinder one of the vertical
loads. Two of these member modes are illustratdeg. [3.8], the remaining two
being identical for the purposes of calculatindaqmée loads. Since no sway
deflection of the columns occurred in the membechmaisms, the amplification
factor would have equalled zero for this type atiphcollapse. In the bilinear
amplification method the importance of non-sway rhenmechanisms lies in their
ability to interact with pure sway modes so asotrf critical mechanisms. Complete
collapse of the test frame required three hingesnider the frame statically
determinate, and a fourth hinge to convert theretise stable structure into a
mechanism. In combining a member mechanism wilptire sway mechanism, a
hinge had to be eliminated at one of the critiegti®ns so as to maintain a four-hinge
scenario. The hinge was eliminated at joint Bhasrbtations from both the member
and sway mechanisms were always in opposing direstt this location. Fig. [3.8]
shows the two modes that were found to be the ordstal of the combined
mechanisms. The virtual work approach, as destiilbsection 2.4, was used to
solve for the collapse loads.
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Effectiveflexuralrigidity :

EI'=EI(@/ f)- (LIC/C,)) (265

VIRTUAL WORKFORMULA

Externalwork :
1*(-Dy,)

Internalwork :
LAB
M, (M, /EI')dx
o
Lae
@) (Lag - X)W EIM ; +(Mgs - M )X/ Lyg))dx

]

D, =-L2s(Mgs +2M ) /6EI'
D, =- Lia(WLyg/X)- 3M , +2M ) /6EI'
D, , = L%(M, - (WL, /x))/6EI'

Equatingnternalandexternatlwork andsolvingfor D, , :

Moments about Cin member CD :
M, +M_ +V,c L, =0

Voe =-2M , /Ly (A)
By horizontal equilibriu m of the frame :

(W /x)+Vpe - Vg =0

Vg = (W /x)+Vc

Vs =W/x)- (2M /L)  (by Ean.(A) (B)
Moments about Bin member AB :
Mp'VABLAB+MBA:O

MBA :VABLAB -M p

Mg, =((W/x)- (2M p/LAB))LAB -M,
Moy = (Wl /X)- 3M

(by Ean. (B))
(©

By proportion:

M, /EI'= WEINM, + (Mg, - M )X/ L)) (424)

Moment:aboutA :
M,- @)L =0
My=)lae (D)
By proportion:

M;/(LAB- X) :M;/LAB
M, =M, (Lyg - X)/ Ly
M; = (1*)LAB(LAB - X) Lag
M, =@ )Las- %)

(byEqn(D))
(429

(426)

(byEqn.s(4.24)and(4.25))  (427)

(byEqn(C))
(4.28)

Fig. [4.3] Virtual work method for calculating 2,

Thus far in each virtual work calculation,

an ‘atequilibrium system of known

moments and unknown loads was imposed on an uedelatual compatibility
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system of rigid-bodied sways and rotations. Tiselteng virtual work equation was
used to solve for the unknown collapse load. Tineal work principle is equally
applicable when a virtual equilibrium system is ospd on an unrelated ‘actual’
compatibility system of unknown deflections and Wmnocurvatures. In such a case,
the virtual work equation can be used to solvatierunknown deflections. This is a
powerful and convenient method of calculating deftas in structures, although
complications may arise when plastic moment hirgesir in the structure under
consideration. The rotations that occur at thgdsnaccount for a portion of the strain
energy stored by the structure. Consequentlyplédtic hinge rotations become
additional unknowns that can be difficult and tiomsuming to determine.

However, since the force and compatibility systemed not be related, it may be
possible to distribute the virtual bending momentsh that they do not encounter any
hinges. If the virtual bending moments are zerhathinge locations, then the
internal virtual work done at the hinges equal®zand the hinge rotations no longer
need to be determined. Below is a descriptiomisftechnique as it was used to
calculate the sway deflectiod3, for the test frames.

The compatibility system comprised the unknown sdeffectiony , and the
curvature of member AB at the point of first orédastic-plastic collapse in the
critical mode. The curvature at any point in ABsaxpressed as the quotient of the
bending moment and the effective flexural rigiddly of this member. The reduced
flexural rigidity was described in section 2.5 b tfollowing empirical equation:

EI'= EI((1/ f)- (LIC/C,)) (2.65)

where:f = Shape factor of the section (=1.5 for a solitaegular section)

The bending moment distribution in AB was relatiwsimple to define as the hinges
had reduced the frame to a statically determinatetsire. The equations of static
equilibrium used to derive the moment distributéoe shown in Fig. [4.3]. Below is
the expression for ‘actual’ curvature in AB at arpalistantx from A.

M, /EI'= @/ EIN(M,+(Mgy- M )(X/ Lyg)) (4.24)
where Mg, =(WLz/x)- 3M

The equilibrium system comprised a unit virtuakc®®acting at the location of and in
line with 3 ,, and the corresponding selected distribution dtigi bending moments.
Elastic-plastic analyses of the frames revealetlitheach case the final hinge of the
critical mechanism would form at joint A. MembeBAvas chosen to resist the
moments as if it were a vertical cantilever fronmjdA. Consequently, the virtual
bending moment distribution did not encounter ptasinge rotations until collapse
had been initiated. As shown in Fig. [4.3] thauat bending moment in AB at any
point distantx from A was:

M; = @) (Lag - ¥) (4.25)
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The external work was equal to the product of tineeial force and the sway
deflection.

Externalwork = (U')(- D, ) (4.26)

The internal work was equal to the product of thieual moment and the ‘actual’
curvature integrated over the length of member AB.

Las

Internalwork=" M, (M, / EI')dx
0 (4.27)

= () (Lao - W EI)M, +(Mga- M )(x/ Lg))dx

0

Equating the external and internal work and solforghe deflection yielded:
D, = Loe(M o~ (WL /X)) I6EI' (4.28)

This deflection was used in Eqn. (4.1) to calcutagevalue ofX,. Solving for the
failure loadW involved the simultaneous solution of the follogitwo equations:

W, =W+ (X, - X)W, - W)/(X, - X)) (4.29)
U,W, =W, (4.30)

where: subscriptrepresents failure
subscripts represents first order plastic collapse in thee@mway mode

Eqn. (4.29) is the relationship between load ¥nd the inelastic portion of the
bilinear curve, while Eqn. (4.30) states that alctaigure of the frame will occur when
the amplified load equals the first order pure sealjapse load. The failure criterion
of Eqn. (4.30) describes a straight line in thedl¥aspace that intersects thaxis at

X =1 and the-axis atW =Ws. This further simplifies the process of solvimg the
failure load by allowing the designer to find gragatily the intersection of the two
graphs. Solving the graphs analytically howevetrainspired thaX; was equal to the
following equation:

X/ -1)+X (/-1
X, = Ty 15) /5= 1) (4.31)
I (X - X)+1 -1,

The value ofX; was substituted into Eqn. (4.29) to find the fedlloadW:. The load-
deflection graphs were constructed by manipulatifigrmation taken from closely
spaced intervals in the bilinear loXdgraph. Each value &f was used in Eqgn. (4.1)
to calculate an appropriate value of first orddited¢ion 23, as well as in Eqn. (2.46)
to find the corresponding amplification factds. The amplified first order
deflections were then graphed such that they coelldompared to the results from
the laboratory and ABAQUS tests.
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4.3 Bilinear Method Results

LABORATORY TEST ABAQUS BILINEAR AMPLIFICATION FACTOR METHOD
Wi Wi W L00*(W i) -W ) )W 1ca)
(kN) (kN) (kN) (%)

kempspl 1.009 1.017 0.966 -5.01
mode 1 mode 1

0.6span 1.303 1.284 1.285 0.08
mode 1 mode 1

0.8span 1.107 1.135 1.104 -2.73
mode 1 mode 1

1.2span 0.861 0.917| 0.857 -6.54
mode 1 mode 1

1.4span 0.788 0.811 0.771 -4.93
approximating mode 1

0.8l N/A| 0.869) 0.812 -6.56
mode 1

0.6l 0.69 0.732] 0.707 -3.42
mode 1 approximating mode 1

0.41 0.592 0.624 0.632 1.28
approximating mode 1

0.33sway 0.84 0.832] 0.873 4.93
mode 1 mode 1

Table [4.1] Frame failure from laboratory testing, second order inelastic

ABAQUS tests and bilineamplification factor method

The failure loads for the test frames as predibeemp’s bilinear method are
presented in Table [4.1]. Corresponding l6a@dnd loadOgraphs from the three
methods of analysis are shown together in figude$ fto [4.21] at the end of this

chapte

r. The following observations were made émparison of the bilinear

method to the ABAQUS and laboratory tests:

There was an excellent degree of correlation batwee failure loads of all
three methods. Table [4.1] displays the diffeemnisetween the bilinear
method loads and the ABAQUS counterparts, expreasgutrcentages of the
latter. Kemp’s failure loads varied from within.5@ercent to +4.9 percent of
the ABAQUS loads. The test frames were flexibld aere therefore highly
susceptible to second order effects. Kemp’s atedeslure loads thus
seemed compelling evidence in favour of his thepapility to approximate
inelastic instability.

Kemp’s failure loads were progressively lower thiam ABAQUS
counterparts as spans increased. This trend veenbetween the ABAQUS
and laboratory results, and was therefore probalugnsequence of Kemp’s
theory. It is suspected that the progressive uademation of strength with
increasing spans resulted from the neglect of tleets of moment
redistribution. The ABAQUS tests revealed thatheesspans increased, the
loss of stiffness and strength after the formatbthe first fully plastic
section became more gradual. This retention ehgth was enabled by
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moment redistribution as the frames became moxéfte The bilinear load
X graph does not allow for the manner in which mormedistribution affects
the shape of the actual lexdcurve after plastic stresses are encountered.

Kemp’s failure load for the kempspl frame was lothem the ABAQUS
counterpart, yet the discrepancies between loatisesl as the loading
lengths shortened. Given that the loading lengtiiation frames shared
similar geometries, it was unlikely that this tramds due to changes in the
ability of the frames to redistribute moment. Ratht must have resulted
from the sequence of plastic hinge formation infthenes. As the loading
lengths reduced, the vertical loads caused inarghssevere moments at the
column tops and at the centre of the beam. Plastiment hinges occurred in
these locations in quick succession, resultingriapad loss of stiffness and
strength after the formation of the first hingehislcaused failure to occur in
the actual test frames at progressively lower Iedthe loading lengths
shortened.

Kemp’s failure criterion suggests that failure vaticur in a pure sway mode.
The laboratory and ABAQUS tests showed that adtiklre occurred in
combined member and sway modes. Notwithstandi@@dthtual failure
mechanisms of the test frames, Kemp’s methodtiVided highly accurate
failure loads.

The elastic portions of the bilinear curves werly atightly steeper than the
initial portions of the corresponding laboratornda®BAQUS curves. This
may have resulted from inaccuracies in the calmraif Young’s modulus,
but was more likely a consequence of the saggirigeoflexible beams. Sway
deflection in the laboratory was measured on thenco top whose deflection
was increased by pronounced sagging of the bedns rniade each frame
appear less stiff than it actually was. The ddferes between the elastic
bilinear curves and the laboratory and ABAQUS camwere more evident in
the longer span frames, where more flexible bedlowed greater differences
between the sway deflections of joints B and C.

As anticipated, the frames exhibited nonlinear beha at loads below
Kemp’s/i. The load/; represented the condition of the formation offtret
fully plastic section in the structure. Prior bastcondition, the stiffness of the
frame had been reducing due to the spread of gitgstiThe loss of section
stiffness, combined with the second order effectsgnt in the flexible test
frames, resulted in the divergence of the |1¥aclirves at relatively low loads.

First order inelastic analyses were performed erté¢ist frames in ABAQUS.
These analyses produced sway deflections at fathatecompared very
favourably to the deflections calculated using Kenyirtual work method.

For the frames in which sway related failure modese critical, loadX

graphs were constructed using the ABAQUS first pedalysis results.

These loadX graphs are shown together with the graphs fronother

analysis methods in figures [4.4] to [4.12]. Sidceas a linear function of
for the test frames, comparing values<olvas equivalent to comparing values
of 0. Even though the sway deflections of the framesewery sensitive to
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load near collapse, the first order ABAQUS curved the bilinear graphs had
similar loads ak,. This indicated that the virtual work method vaed| as the
empirical expression for the effective flexuralidity given in Eqn. (2.65),
provided accurate results.

The incremental amplification factor valuésof the bilinear method at failure
were substantially larger than those of the ottvermethods. The larger
values ofX; resulted in amplification factors that ranged frb81 percent to
212 percent of the ABAQUB,values. The best-matchéld values were of
the 0.33sway frame, followed by the increasing sprthe span variation
frames, and then by the decreasing loading lenaftations. These
discrepancies implied that the amplified failurads of the ABAQUS and
laboratory tests were correspondingly lower tharéspective first order pure
sway collapse loads. That the bilinear method a¥ds to achieve excellent
failure load results with markedly different amyaé#tion factors was due to
the interaction of a number of factors. The maintdbuting factors would
include the failure criterion of Eqn. (4.30) ane tpplicability of the inelastic
amplification factorJ, as a function oK. These influences are discussed
further in chapter 5.

The loadDcurves that were extrapolated from the bilinead graphs are
presented in figures [4.13] to [4.21] together vitie ABAQUS and
laboratory test curves. The bilinear loddpproximation had a marked effect
on the relationship between load and the total stedlectionsD. For all of
the frames, the extrapolated lo&:urves resembled bilinear graphs
possessing slight curvatures that indicated noatigeometric effects. At
loads below\, the amplification factor method produced deflecs that
underestimated the actual deflections by twenthitty percent. Once again,
the correlation of results was more favourablettierframes with shorter
spans and greater loading lengths. At loads aléythe validity of the load-
Drelationship was lost in all cases.

The main objective of Kemp’s bilinear amplificatiéactor theory was to provide the
designer with a simplified method of calculating thstability load of an unbraced
sway frame. His approach of using sway equilibrespations to derive an
incremental amplification factor, and a bilineapegximation of the load
relationship has been shown here to predict cadlépeds that rival the quality of a
finite element analysis. While it is impossiblesty whether these results are
representative for other shapes and types of stegtit would be pointless to attempt
an improvement of this accuracy for the test framgsis is partly due to the fact that
a simplified semi-empirical method cannot be expédb produce high accuracy in
all cases, but also because the ABAQUS and lalngregsults differed by similar
margins. In chapter 5, attention is focussed rathethe validity of the inelastic
amplification factor and the nature of the lo&delationship. The ensuing
discussions investigate whether it is possible ¢dlifiy the bilinear loadx
approximation such that it more closely represémsactual’ relationship without
sacrificing the accuracy of the prediction of irmsligy.
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5 REASSESSMENT OF KEMP’S AMPLIFICATION
FACTOR THEORY

Kemp’s method for approximating the relationshipgazfd versus amplification factor
incorporates both theoretical and empirical tech@iqThe rigorous application of
structural theory is confined to the derivatiortlué amplification factor, while
empirical approximations are used for the ldddnd moment-curvature relationships,
and the failure criterion of Eqn. (4.30). The exmtion of Kemp’s method given in
Chapter 2 is consistent with his published workiimgseference 1. In this chapter,
certain assumptions that Kemp used to facilitasedierivations are highlighted and
discussed. Particular reference is given to thesamaptions that affect the accuracy
or validity of his method. It is expected thatatlly empirical method will require
structural theory to be contravened in order tontaén a method that is generally
applicable to all sway structures. Neverthelestgtailed look at the derivation
enables informed attempts at improving the theory.

5.1 Developing a Second Order Sway Equilibrium Equa  tion

Eqgn. (2.55) was used to express the moment equitibof a typical member within
an unbraced frame of any shape. This equilibrigoaéon was intended to include
the first iteration of second order effects.

M +M

=-V,L; - ;D (2.55)

| +1ij 1 +1ji ij
In the event that a beam-column is subjected tmecbmpressive, or even tensile,
axial force, Eqn. (2.55) will calculate that thesed order moments of such a
member are negligible or negative. From consid&ratof compatibility, however, a
lightly loaded column in a rectangular frame wil forced to sway similarly to the
other more heavily loaded columns. This is duia¢olength of the beam or floor slab
that remains essentially unchanged by load. Therskorder effects of all the
columns will be alike, thus it is apparent that E¢h55) must not be applied to
members in isolation from the remaining structurethe storey magnifier method all
columns are considered simultaneously, therebyailp the total vertical and sway
loads to be taken into account in the equilibriugnagions. In the analogous virtual
work approach, Eqgn. (2.55) may cause confusionitasttbuld be explained that it

applies only to a single-member structure.

The process of manually assessing the second wral@ent equilibrium of a
nonrectangular structure in its entirety would kremely complex, and highly
dependent on the geometry of the given struct@iace the compression members of
such a structure generally possess different lsnayid load-deflection sensitivities,
the equilibrium equations would be written in mpié unknowns. Incremental
consideration would result in compatibility and giguium problems at the joints,

and further complications would arise due to theag of plasticity. Kemp needed to
avoid such difficulties if he was to develop a fbessimplified method of assessing
inelastic instability. By using a sway equilibrivsgquation, he summed the scalar
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values of virtual work resulting from the firstiiggion of second order effects over the
entire structure. In Eqn. (2.57) this value isresented by the termC; 5 fij*.

SV,L,f, =-S(M, .y, +M,,1,)f; - SC,D,,7; (2.57)

ij =i 1

Kemp treated this summation of “second order virtuark” similarly to the manner
in which Kennedy et al treated the first iteratafrsecond order moments. He
allowed successive iterations to increase the skooer virtual work by a given
proportionX of the previous iteration’s value. In so doing,dvoided dealing with
the unigue incremental increases in deflectionsraadhents at each joint. In
Kennedy et al’'s derivation, the proportional redaghip between sway moments and
related displacements was used to calculate ettplibe value ofX. The resulting
incremental amplification factor was given by E¢fh44).

X = _S;\’/DI; (2.44)

Kennedy et al'X represents the ratio of the first iteration of@et order moments to
the total first order sway moments induced by #terbl loads on the frame. It
appears that Kemp chose an analogous approackctgatimg his own virtual work
incremental amplification factor: Kemp¥érepresents the ratio of the first iteration
of second order virtual work to the total virtuabnk of the frame, as shown by Eqn.
(2.58).

- S(M|+1u |+11|)f (' S(M| ij +M| ji)fi;)

SV, L, f;

SC,D, 7,

W (by Eqgn. (2.4-6)) (2.58)
SC,D, ,f;

W (by Egn. (2.4-1))

Although Kemp’s approach seems logical, | have he®ble to prove that there
exists such a proportional relationship betweerstteond order virtual works of
successive iterations for an arbitrarily shapedcstire. Since the virtual deflections
remain unchanged, the actual second order deftectinust readjust at each
increment in order that the total second ordeusirtvork can be achieved. It is thus
required that these actual deflection changes aaathr that the conditions of moment
equilibrium, compatibility and the value ¥fare simultaneously maintained at each
iteration. If so, then it is possible that theeons associated with using an
incremental moment equilibrium approach are reduoed for nonrectangular
structures and inelastic stress conditions.
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5.2 Validity of the Inelastic Amplification Factor

The derivation olJ, is dependent on a proportional relationship betwe load
factor and the first order internal virtual worktbe sway equilibrium equation. In
the simple case of the test frames, this relatipnshnslates to the proportionality
between the overall loa and the first order sway deflection. At a given load, it
is the sway stiffness that defines the suscepiihili the structure to second order
effects. Graphically, the sway stiffness is edoahe slope of the line joining the
origin of the load | curve to the point under consideration. Thisoragtween load
and deflection is used in the geometric sum of Egm0) to calculaté),.

SV,Lif; ® -S(M; + M )f; - (SC;D, ;) )L+ X + X2+ X*+..+ X")

ij

- . SGDy fi;
=-S(M, +Mf; - — = (2.60)
=- S(Mij +M ji)fij - UZSCij D, ijfij
Where the expression fak, in terms ofX is as follows:
1
U,=— 2.61
=T x (2.61)

During loading in the elastic zone, the second oedects are calculated using the
actual sway stiffness of the structure. Following spread of plasticity however, the
line joining the origin to the point under consiaiéion cannot follow the curve of the
load | graph. The slope of this line now representya tf ‘effective’ sway
stiffness which averages the effect of the losslastic rigidity. The second order
effects are calculated using the average swayestff in the inelastic stress state. As
loads increase further the tangential and effediiftness values diverge resulting in
the progressive underestimation of second ordectff Furthermore, the geometric
sum forU, cannot allow for the loss of stiffness due to sekcorder strains albeit that
these losses will probably become significant tiedure loads only. The combined
results of these two effects are shown in the-oagtaph of Fig. [5.1] for the
0.6rigidspan frame. This frame was identical ® @h6span frame, except for a
sturdier section of 40x40mm that was used fortalmembers. The amplified first
order deflections follow the actual total defleaticurve for the elastic and the initial
inelastic behaviour. As loads continue to rise, éffective stiffness used to calculate
U, becomes progressively larger than the actual fretiffeess. This results in the
underestimation of the nonlinear behaviour, indiddty the divergence of the two
curves.

In the highly flexible test frames the underestimabf second order effects by Eqn.
(2.61) was exacerbated by the differing columnsepys, and the early onset of
plasticity caused by second order effects. It mastioned in chapter 3 that the
sagging of the beams increased the deflectionseofdlumn tops on which
deflections were measured in the laboratory. &ngel deflections of the frames
resulted in second order effects that induceddhs of elastic rigidity at loads
significantly lower than those predicted by firstler analyses. Fig. [5.2] displays
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various load graphs of the 0.6span frame. It can be seenhbdirst order analysis
predicts the occurrence of the first plastic montenge at a relatively high load.
This is reflected in the amplified first order daftion curve which maintains the
elastic slope long after the actual frame has fdritgefirst hinge. Being the stiffest
of the test frames, the column sways of the 0.6$@ane differed little from each
other thus the deflection at joint B was not greattreased by the sagging of the
beam. In the 0.6rigidspan frame test, both ofdheffects were eliminated as the
column sways differed by less than a millimetre@tapse, and the first order load
graph showed loss of stiffness at a similar loathasecond order graph.

180.000
160.000 | — 1
Z1
140.000
120.000 4
/A
100.000 i
= ——ABAQUS 2nd order
=< —— U2*(ABAQUS 1st order)
2
80.000 4 / ABAQUS 1st order
60.000 4
40.000
20.000 1
0.000
0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00
(mm)

Fig. [5.1] W-Dgraph of 0.6rigidspan
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Fig. [5.2] W-Dgraph of 0.6span frame
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Fig. [5.3] First order W-Dgraph of 0.6span frame

Sway measurements taken in the laboratory and thensecond order ABAQUS
analyses were converted to equivalent first orédledtions by using Eqn. (3.9). This
equation was derived using Kemp’s expression feratmplification factor, which has
been shown here to underestimate second ordetsffés a result, the deflections so
calculated were correspondingly larger than aditgtlorder deflections. This is
illustrated in Fig. [5.3] where the back-calculatiflections of Eqn. (3.9) are
graphed with deflections obtained from a first ordBAQUS analysis.

D= (3.9)
1+(CD)/(VL)
It follows that a loaeX graph constructed using actual first order deibest would
have differed similarly to the results of a grajging back-calculated deflections.
Figure [5.4] compares both versions of the l¥agraphs for the 0.6span frame. It
can be seen that the bilinear graph approximatedtaick-calculated curve more
closely than it did the curve based on first omigftections. This figure also
demonstrated that the results of applying the ffaititerion to a loaX curve
composed of first order deflections would be arc@uaate prediction of failure load.
The 0.6span frame failed at a load of approximate®pkN, yet the purple loa¥
curve based on first order deflections shows thmé to be elastic at this load.
Applying the failure criterion of Eqn. (4.30) toisrcurve yields a failure load
prediction of 1.52kN. For the longer span franvelsere the critical first order
mechanisms were member mechanisms, the resultsiweuhore unpredictable still.

UW, =W, (4.30)
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5.3 Application of the Amplification Factor and Fai lure
Criterion

The amplification factor of Kennedy et al was ded\wsuch that it could be applied to
stresses, deflections or loads. An example oathplification of deflections and load
factor is illustrated in the load graphs of Fig. [5.5]. The two curves therein
represent the first and second order analysesdd.tspan frame before the onset of
plasticity. At a load of 0.56kN, the first ordevay deflection is 8.6mm. When
multiplied by an amplification factor of 1.16, theoduct is the corresponding total
deflection of 10mm. Alternatively, one may amplifie 0.56kN load by the same
factor of 1.16. The resulting load of 0.65kN absoduces a 10mm deflection in a
first order analysis. The ability to amplify a tband obtain the same deflection effect
using that load in a first order analysis is du@ant to the constant sway stiffness of
an elastic rectangular frame. This allows propoadiity to be used between load and
deflection. It is also a result of the fact thattical or gravitational loads do not
induce first order sway deflections in perfectlyti@l columns. Since real columns
will always deviate from the vertical, designersmensate by adding notional
horizontal loads at each floor level equal to 0 &Rtotal vertical load at that floor.
This induces the same sway moment as the firsttiter of second order moment
caused by columns that are 0.5% out of plumb. Wiaculating total bending
moments, it is only the horizontal translationaldceffects that are amplified. At a
given load, this is equivalent to adding the anmadiftranslational moments to the
unamplified gravitational moments as per Eqgn. (.50

M =U,M,, +M, (2.50)
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Fig. [5.5] Partial elasticW-Dgraph of 0.6span frame

Kemp’s amplification factor has been derived sudt it can be applied in the
general case to a sum of virtual work, not to irdiral moments or deflections, or to a
load factor. It would clearly be meaningless tqoéify a stress or moment that has
reached its maximum plastic limit. Neverthelebs, ihcremental amplification factor
X'is proportional to the first order sway deflectionof a rectangular frame for all
loads. This means that the sway deflections medsuarthe laboratory could be used
to calculate the values bk, regardless of the fact that the amplificatiortdaevas

not intended for application to individual deflexts. The loading state of most
interest to the designer is usually the one thases structural instability. It was thus
at the collapse load that the application of Kengpigplification factor, and the
formulation of the failure criterion was investigdt

In Chapter 4.3, it was noted that Kemp’s bilineatiod produced excellent
predictions of failure loads for the laboratoryrfras, yet calculated comparatively
excessive values of. SinceU; is dependant on the value Xfit seemed unlikely
that his method could accurately calculate failoegls with significantly different
amplification factors. That the failure criteriproduced a failure load for the
0.6rigidspan frame that was greater tNgj(see Fig. [5.9]) was also cause for
concern. lItis probable that these outcomes ré&sult Kemp’s assumptions that there
exists a single amplification factor per sway mepee structure, and that collapse will
occur in a pure sway mode. These issues are disgurelow in more detail.

It is possible that the amplification of the effeof a load, or load group, may differ
to the amplification of other load effects on tlaeng structure. This notion is
supported by the method suggested by Kennedytetcallculate the total bending
moment at any point in a frame. As described in E450) above, only the
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Convertmomentsfrom translatonalloadinto averagememberendshears

®) (t) t) (t)
VO = M + Mgn . v = M/, + M %
- ’ B2 — ",
Las Le,
() (t) (t) (®)
VO = M2 +Mic, . v = M/eo + M e
2B —'Li ’ co ~ 7 L
2C CD

Calculateincrementd amplification factor for translationalload:
- CueDaed +Coy05sq" + Coc Dot +Coo D

X© = : : g ,
VA(:B)LABq +VB(‘2)LBZq +V2(é)LZBf +VC“D)LCDq
and
1
() —
Vet xo

Convertmomentsfrom gravitational loadsinto averagememberendshears
(9) (9) (9) (9)
V(g)_ M\52+M\25 . V(g)_ M\20+M\cz
B2 T ) o ST T
B2 2C

Calculateincrementd amplification factor for gravitational loads:
= CBZDIgl)E!Zq” +CZCD\‘)ZCf*

(9) i 9 -9 = (9) — (9) *
X VILo,g +VOL, (sinceDf = D%, = 0andV L eq = -VELq')
and
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v 1- XO©

Fig. [5.6] Calculation of the modified amplification factors U," and U,
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translational moments are amplified, as the gréigital loads do not directly induce
member sways. Since the second order momentsedlatiibns are expressed as
fractions of the first order sway moments and deibss, it follows that load effects
should not be amplified if they arise from loadattto not induce sways. Multiple
amplification factors allow proper account to bketa of the effects of various load
groups in the failure criterion. Since Kemp’s aifigtion factor has been derived
for a virtual work sum, it is perhaps best to egpgrthe failure criterion in similar
terms. By recognising that load factor is proporél to virtual work, the terms of
Eqgn. (4.30) can be swapped to create a virtual wqtkvalent of the failure criterion.

U W =W,
butfor agivenmodeW a SVL{ * (5.1)
\ U,(SVLF*), =(SVLF*),

This indicates that failure should occur when thwpkfied virtual work (either
internal or external) of the first order inelasditalysis equals the unamplified virtual
work of the first order plastic analysis of therfrain its pure sway mode. When
adopting a pure sway mode of failure for the labmsaframes, it is not necessary to
take account of the gravitational loads, as thead Ho not contribute to the virtual
work. However, nearly every frame tested in thmtatory, and in ABAQUS, failed
in the same combined mechanism mode. This typailofe was named ‘mode 1’,
and it is illustrated in Fig [5.6]. When usinggtdombined mode in the failure
criterion, it becomes necessary to take into accthenvirtual work exerted by the
gravitational loads as well as to amplify this wagpropriately. | do not advocate
that Kemp’s method be altered to allow for multiplaplification factors. There
would be many difficulties involved in doing so,caeven if possible to do so for the
general case, the calculation of such factors woalghte the simplicity of his
method. It was desirable, however, to determinetidr multiple amplification
factors would enable a loaXIigraph and a failure criterion that would be corapée
to those of the laboratory and ABAQUS tests. @ teason a method was
developed for calculating two factors per test feaone for the translational load, and
one for the gravitational loads. The sequencéede operations, described
graphically in Fig. [5.6], was as follows:

1. Afirst order inelastic analysis of the frameswserformed in ABAQUS with
all loads in place. The results of this analysesewsed to calculate the axial
loads in the members, as well as sway deflections.

2. The structure was then reanalysed with the fmtiosal load acting in
isolation. This analysis provided the moments tate used to calculate the
average shears in the members. Using the axie¢$aand first order sways
from step 1, and the average shears from step idceamental amplification
factor was established for the translational |ofelots.

_ SG D(lt)u %

X = !
SVOL, 7,

(5.2)
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where j; ® is the first order sway deflection of member §ukting from the
translational load.
Vi,-(t) is the average shear in member ij resulting froimsaorder
analysis with only translational loads in place.

X® was then used in the normal manner to calculadattorU,® for
application to the virtual work resulting from tsdational load effects.

1

(t) =
Ve T

(5.3)

The structure was analysed with the gravitatitveads acting in isolation. A
similar procedure was followed to calculate the Efioption factorU,®
applicable to the virtual work arising from gravitanal loads.

) *
x@ = G0l O/ i (5.4)
sV, f,

where j; ©@ js the first order sway deflection of member §ukting from the
gravitational load.
Vij(g) is the average shear in member ij resulting frdimsaorder
analysis with only gravitational loads in place.

(9) —
) &9

Ordinarily, the sway deflections caused by grawtal loads would have
equalled zero. However, since failure in mode % wader consideration, the
sag in the beams from the gravitational loads achsa&ys in members B2
and 2C. The tension in the beam resulted in negatlues fotJ,9.

The sway equilibrium equation that accountedséarond order effects could
now be rewritten.

SV, L,f; =-S(M; +M )f; - UPSC, DY f; - USPSC, D% f; (5.6)

ij i i/ I i

Initially, steps 2 and 3 were to be used, eachiin,tto calculate the sway deflections
arising from the load groups acting in isolatianwas found, however, that the spread
of plasticity caused by all the loads acting simuétously greatly increased the actual
first order deflections. Consequently the stemdlysis was used to calculate
member sways since any weakening effects attribiotédth load groups acting
together would result from material nonlinearifjhe accounting of material
nonlinearity in the amplification factor is, by dafion, dealt with directly in the first
order sways used to calculate The simple nature of the test frames allowed the
assumption that sway deflections in the columnseveéitl due mostly to translational
loads, while transverse deflections in the beanmewele mostly to gravitational loads.
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The analysis of step 2 was, however, used to ctietihe sway deflection, g” of
member B2 due to translational loads only. Inmgiex structure, it would be far
more challenging to determine which proportionswéys could be attributed to
which loads were all loads to act together.

Modified failurecriterion:
unamplifiel virtual work at plasticcollapse= amplifiedvirtual work fromfirst orderinelasticanalysis

S(W, 7y )i ) + S(W, 1), 1) =UZS(W, 1y ), T7) +U20S(W, /%), 1) (6.7)

Considerig eachhalf of theequatiorseparately
unamplified externalvirtual work atfirst orderplasticcollapsen model

=W, /y)(@ag +bg +bf +af")+(W,/x)hg
=W,y )@(L - b)f /b+b(L- b)f" /b+bf" +af’)+(W,/x)h(L- b)f /b (sinceg’ =(L- b)f /b)
= (W,)[(L/y )(aL +bL)/b+ (L/x)(hL- hb)/b](F") (A)

amplifiedexternalvirtualwork atcollapsdoadWw, :

U2 W, Iy )(ag +bg +bf" +af)+UP W, /x)hg

=UPW, Iy )@(L- b)f /b+b(L- b)f /b+bf +af ) +ULP W, /x)h(L- b)f /b

= (W)U 1y )(@aL+bL)/b+ UL /x)(hL- hb)/b](F") (B)

Set(A) = (B) andsolvefor W, :
_ W)y )(@L+bL)/b+ 1/ x)(hL- hb)/b]
e (U 1y )@aL+bL)/b+ UL /x)(hL- hb)/b]

(5.8)

y = 4for all testedrames
x =3for the0.33swayrame
x =5for theremainingrames

Fig. [5.7] Derivation of the modified failure criterion

The modified incremental amplification factof® returned by Eqn. (5.2) were nearly
identical to the values of Kemp¥that were calculated from the first order ABAQUS
analyses of the frames. This is illustrated inltae X graph of the kempsp1 frame in
Fig. [5.8] where th&® values are represented by the light blue linee fidgative

X9 figures were relatively small as a result of e mounts of the tension in the
beam. For real structures, the presence of malépiplification factors would
introduce the additional complication of multiptetd X relationships. For the test
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frames, howevet)," was regarded as the principal amplification facamdU,©
needed to be calculated only at the point of celajor the purposes of the failure
criterion. It was decided that the structure wduédome unstable when the
appropriately amplified virtual work of the firstaer inelastic analysis equalled the
unamplified virtual work at first order plastic tmpse in combined mode 1. This
condition defined the modified failure criterionBfn. (5.7) for the test frames.

S(W, 1y ), )+ S(W, /), 1) =ULS(W, /y), 1) +ULOS(W, /%), 1)) (5.7)
where = Virtual displacement of loa@V) in the line of action of the load

The simplification of this formula is given in Fifh.7], resulting in the isolation of
the failure load as per Egn. (5.8).

_ (W,)[(Ly )(@L+bL)/b+ L/ x)(hL- hb)/b]

£ = (5.8)
(U /y)@L+bL)/b+ UL /x)(hL- hb)/b]

Since the amplification factots,” andU»® can be written in terms of their
respective incremental amplification facto® andX®, Eqn. (5.8) describes a failure
surface in the loaX®-X® space. Instead of regardiity’ as a further variable, its
value was calculated at the actual failure loathefstructure, and treated it as a
constant. This reduced the failure surface of E58) to a two dimensional failure
line that could be drawn on the loX& graph for each frame. The modified failure
lines for selected span variation frames are shovime loadX graphs of figures [5.8]
to [5.11]. In each case the failure line passeyg wlsely to the failure point of the
back-calculated ABAQUS curve. Such favourable cangons of failure loads and
values ofX for a variety of frames seem to support stronlgé/validity of differential
amplification of loads. This is especially so wire considers that the modified
failure criterion succeeded for the 0.6rigidspamfe where the original amplification
factor theory failed.

The process of calculating multiple amplificati@cfors and a modified failure
criterion was laborious and complicated even ferdimple test frames of this project.
Clearly, such a process would need much simplificadnd validation were it to be
used for practical structures and conditionst i true that loads are subject to
differential amplification, then Kemp’s method isgirical not only in its bilinear
approximation of the loa graph, but also in the derivation of a single afigaition
factor and the failure criterion. This would imghat modifications to his theory
would also be at least semi-empirical in naturel, awould therefore be subject to
certain specific conditions. The modificationspweed in this report seek to
maintain the accuracy and ease with which failoegls have been predicted, while
adding a mechanism to allow for different typesnstability in different structures.
The attempts at doing so are discussed in thewoitpsection.
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5.4 Usefulness of Test Frame Results

The appraisal of Kemp’s theory has identified vasiassumptions and
simplifications that adversely affect its ability tnodel nonlinear behaviour. These
theoretical findings were substantiated by theltesi the laboratory tests and the
ABAQUS analyses. The shortcomings of the bilimaathod appeared to be
significant for the test frames, yet it was cldattthe frames differed in many
respects to most practical structures. It wasefloee necessary to investigate the
impact of these differences on the usefulnessefdht results. This subject is dealt
with below in a discussion of the pertinent scdfeats of the model analyses.
Following this are the recommended modification&émnp’s amplification factor
method.

All scale models are subject to varying degreedisibrtion in their representation of
the prototype. A researcher, whilst trying to mirge distortion, is limited by the
available resources, and guided by the intendectifumof the model analysis. It is
seldom necessary to construct a model that enfemeditions of similitude for all
physical properties that affect the behaviour sfracture. Such highly accurate
‘strength’ or ‘realistic’ models are required whitne@ consequences of failure are dire
or extremely costly, and the available theoretimablels are unreliable or incomplete.
Strength models are expensive, technically diffiamid time consuming to construct
and test. Consequently, they are mostly resemwethfge building projects that fall
beyond the scope of conventional design. For thipgses of research, models are
commonly designed to adhere only to those conditadrsimilitude that are thought
to affect the relevant structural behaviour. Thimplifies the modelling process, but
jeopardises the results if the researcher misjuttgesnportance of one or more
physical aspects of the model.

It was decided at the outset of this research ptajet to attempt a validation of
Kemp’s amplification factor method for any parti@uktructure. Since Kemp has
proposed that his method is applicable to all skapeinbraced sway frames, the
choice of a specific structural configuration sedragbitrary. A more useful
approach was to investigate the derivation of tle¢hwd and thereby to assess the
impact of any assumptions and simplifications andeneral validity of the theory.
Simple scale models were devised to test the fgeland to assess the trends that
resulted from basic variations of spans and loaitijpns. Since the models were not
used to refine empiricisms for a particular applara the need to conform to
stringent conditions of similitude was relaxed. n€equently, the design of the
models was chosen to aid the fabrication and g gtincesses, rather than to simulate
the physical attributes of practical structure$e Tectangular test frames eliminated
potential errors in the incremental amplificati@ctor arising from the sway
deflections of inclined members. Concentrated doéided bases and full-strength
joints were convenient to model, and also helpedéatify the possible failure
modes of the frames. The most significant distogiof similitude were considered
to be the shape of the flat bar section, and #medglrness of the members. These
aspects were investigated in their capacity tolidate the test results and the
subsequent proposed modifications to Kemp’s angpliibn factor method.
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5.4.1 Section shape

The 25x5mm mild steel flat bar was a practical afidctive choice of section for the
test frames. The material was readily availabhel, igs solid rectangular shape
simplified the fabrication process. Out-of-plarehbviour was conveniently excluded
by orientating the section appropriately, and thetitity ensured large deflections
that were easy to measure and resulted in signif@econd order effects. For these
reasons, the section had already been used iresifraines by Kemp to illustrate his
method in post-graduate design courses, and byi5¢t®81) in his thesis on the
plastic design of partially braced and unbracethés.

\
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Fig. [5.12] Moment-curvature graphs of a typical tsection and solid
rectangular section

A disadvantage of using the flat bar arose fromutinesual moment-curvature
relationship of such a section. Figure [5.12] cameg the moment-curvature graph of
a typical structural I-section to that of a soktttangular shape bending about a
principal axis. Both sections begin to lose fletuigidity at their respective yield
momentsVly. For the rectangular section, this moment remitsse relatively lower
proportion of the fully plastic momeM, than it does for the I-section. Simple
bending theory shows that the shape of the inelastiment-curvature relationship is
closely related to the ratio between the fully ptasioment and the yield moment of
a section. This ratio, or ‘shape facthrtommonly equals 1.15 for structural
I-sections, and always equals 1.5 for a solid regitar section bending about a
principal axis. The high shape factor of the regtdar section indicates a member
that will lose flexural rigidity under relativelpWw load intensities. In contrast, the
[-section maintains its rigidity, then undergoem@re abrupt spread of plasticity once
the yield moment has been attained at high loahsities. These characteristics
affect the load-deflection relationships of membarsl hence the structures to which
they belong.
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Fig. [5.13] Inelastic deflection of a simply suppded beam
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The bilinear loadX graph requires the calculation of the first orsleay deflection ,
at collapse of the frame in the critical combinegcimanism. This deflection is used
to define the valu& for the limit (Xp, Wp) in the bilinear loadk graph. Kemp’s
method for calculating this deflection uses his gioglly derived Eqn. (2.65) to
account for the loss of flexural rigidity in membeaontaining plastic hinges. This
equation simplifies the moment-curvature relatignsti a section into a bilinear
elastic-perfectly plastic graph with a reduced tiddtexural rigidity EI’, and a
reduced plastic momeM’,. The bilinear approximation is such that a member
subjected to a bending moment that varies lindeoly zero toM’, will rotate by the
same amount at a maximum curvaturd ®¥,/El. This graph is illustrated in

Fig. [5.12] for the typical I-section and the salettangular section. The effects of
reductions in plastic moment have been ignoretiese examples due to the low
axial loads in the test frames.

Kemp had developed Eqn. (2.65) for use with coriveat structural sections, hence
there was uncertainty regarding the suitabilityh&f formula for flat bar sections. As
a test of its accuracy for such use, an analyssspeaformed on the simply supported
beam illustrated in Fig. [5.13]. Using the momeatvature relationship of the
25x5mm flat bar, it was established that a centralthced concentrated load of
202.08N would induce a curvature at midspatsi¥i,/El. The change in slope of the
beam between the support and the load was caldulaiag the conjugate beam
method and was found to equal 0.298 radians. hiaddst been performed
physically, the conjugate beam method would hawnhevalid as it applies to small
deflection theory only. However, the effects afjdeflections in the slender beam
were irrelevant as the loads, spans and sectigrepies were arbitrary in this
example. Kemp’s method was then used to recaketitat deflection for the same
scenario. Using the reduced flexural rigidity fr&gn. (2.65) for the length of beam
between the support and midspan, the change ie s¥ag found to be 0.336 radians.
This rotation, being only 12.8 percent greater ttientheoretical counterpart, was a
favourable display of Eqn. (2.65)’s ability to mbd®pe change for the rectangular
section. Furthermore, Kemp’s method calculatedraral deflection of 112mm,
which was only two percent greater than the 110reftedtion determined using the
moment area method. Despite these results, in@esssary to determine how this
would translate to the calculation of deflectionsthe test frames. The simplest and
most effective means of establishing this was toare the predictions of Kemp’s
method to the results of the first order ABAQUSIgses. These highly comparable
results have been discussed and illustrated imose4t3 for those frames whose
critical first order failure mechanisms were swalated. Mathematical proof of the
suitability of Egn. (2.65) for a rectangular sentiwas not sought due to the empirical
nature of the equation, and the hypothetical nadtitee first order deflection at load
W,. Nonetheless, it appeared from the comparisaatstie rectangular section had
not adversely affected the calculation of the pOxat W) for the test frames. As
explained in section 5.4.2, however, it became agpydhat the ductility of the flat
bar section might have improved the accuracy witiictvthe failure criterion
calculated the failure load.
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5.4.2 Member slenderness

Conventional beam theory assumes that transveasis lare transmitted to beam
supports entirely by means of shear, flexural ansidnal forces within the member.
This assumption is accurate when the ends of tamla@e unrestrained against lateral
translation, or when the transverse deflectionsarall. Translational restraint of the
member ends allows the beam to develop signifiaaiat, or membrane, forces as it
deflects under load. These forces posses a ecbogponent by virtue of the beam’s
deflection, and can therefore transmit a portiothefload to the supports. As the
deflections increase, the growing tensile forceg graatly enhance the load carrying
capacity of a member. This phenomenon is illusttdty the example of an initially
unstressed steel cable spanning horizontally betwee supports. Under
conventional beam analysis, the addition of a gattioad within the length of the
cable would cause instability due to the negligitéeural rigidity of the cable. In
reality, the sag of the cable and its tensile giftemay allow it to support the load. In
a framed structure, the restraint of a beam’s endsrived from the rigidity of the
joints and the adjoining members. Any membranedswill be transmitted through
the joints to be resisted by the remainder of thecture. While these forces may
strengthen the beam itself, they can have unpadiiconsequences on the stability
of the structure in its entirety. In extreme caseembrane effects may invalidate a
conventional first order analysis, and even chahgdailure mode of a frame.

It is generally considered that membrane effect®ime significant after the
transverse deflection of a member has exceedepet@ent of its section depth. The
deflections of most unbraced sway frames would edtdhis value prior to achieving
their ultimate limit states. Consequently, suchatires will be subjected to
significant membrane forces should they approadlagse. For the test frames, the
unusually flexible members predisposed the frarme®trespondingly severe
deflections. The beam of the 0.6span frame hddralsrness ratio of approximately
300, which equalled the limiting slenderness foisten members as per SANS
10162-1:2004. The maximum deflection of this mendiecollapse exceeded four
times the section depth, or forty times the lintitvlich consideration of membrane
effects was warranted. Such deflections may h#teesd the manner in which the
frames resisted load, and thereby compromiseddefulness of the test results. This
was apparent in 0.4l and the 1.4span frames wieasdle beam forces resulted in
unusual failure mechanisms with widespread plagtinithe columns. Since Kemp'’s
method was developed for use with practical stmestuit may have been
inappropriate to assess it with test results inclvlieflections were so pronounced.
Consideration, therefore, was to be given to tharmmeain which membrane effects
might have influenced the test results.

An attempt at directly quantifying the membranesef$ in the test frames seemed to
be a pointless exercise. Second order analysiae dfames required the presence of
axial forces within the beams in order to maintgpilibrium. Axial forces could
have been prevented only through the use of sextiath zero axial stiffness.
However, such beams would lengthen and fail imnteljiaipon deflection under
transverse loads. A possible method of eliminativigmembrane effects on the
columns would have been to apply compensating laaittse column tops to oppose
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the beams’ axial forces. The vertical loads may &lave required modification in
order to counteract the increased load carryingaiéips of the beams. Such
modifications would have been counter-productivéusther affecting the
performance of the frames and complicating therpmégation of results. It was
decided rather to analyse similar yet stiffer frartfeat were less susceptible to
deflections. In this way, the results from the ratiffer frames could be compared to
those of the original frames to establish whethemiorane effects had played a
significant role.

Fig. [5.14] Test frame sections and properties
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One such structure had already been analysed iioimeof the 0.6rigidspan frame.
The 40x40mm solid square section used in this frarmoduced a low slenderness
ratio for the columns of 44.17. ABAQUS calculatedt the maximum beam
deflection at the point of failure equalled 5.3manjust over one tenth of the 40mm
section depth. It appeared that membrane effectisl safely be ignored in this case.
Kemp’s method calculated a failure |0@éthat exceeded the first order critical
plastic collapse loaW,. This is evident in Fig. [5.9] where the graplfi@idure
criterion passes beyond the bilinear loadgraph. With an invalid failure load
prediction, the opportunity to assess effects afnimane forces was lost. Attention
was therefore turned towards the cause of the foidesion of W;. It was thought to
have resulted either from an inaccuratg {\p) limit, an invalid failure criterion, or a
combination of these two factors. The likelihoddin inaccurate

(Xo, Wp) limit was small given that Kemp’s Eqn. (2.65) Hagken shown to account
favourably for the moment-curvature relationshighd flat bar rectangular section.
Since all solid rectangular sections that bend abqarincipal axis have the same
shape factor, the 40x40mm section should have pexdrn equally accurate
calculation of X,, Wp). This argument was supported by the first ordefastic
ABAQUS analysis, which can be seen passing in ghosgimity to the X,, Wp) limit

in Fig. [5.9]. It was more probable therefore ttthee poon; value arose from an
invalid failure criterion. To investigate this sisility further, additional ABAQUS
analyses were performed on three new variatioiseokempspl frame. Each new
frame used a unique yet more conventional I-seae&signed to allow varying
slenderness ratios. The intention was to exclbhdegossibility of invalid\ values
arising due to unconventional section shapes anehiistic member stiffnesses.
Figure [5.14] provides the properties of the nesettions, and of the sections used in
the original frames for comparative purposes. Hsellts of the new frame analyses
are presented in the loadgraphs of figures [5.15] to [5.17], each framenigenamed
after its respective section.
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Fig. [5.15] W-X graph of kempspl(a) frame with modified failure citerion
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Fig. [5.17]W-X graph of kempsp1(c) frame with modified failure citerion

The failure criterion’s predictions were again fduo exceed the respectiVé loads
of all three frames. It was recognised that thiefa criterion may have intersected
the bilinear graphs had smaller values of redutedifal rigidity EI' allowed for
larger values oK,. The remote possibility that incorrect valuestfwere
responsible for the miscalculations\WWf was subsequently considered.
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The new I-sections had similar shape factors amttdbius be expected to lose
similar proportions of flexural rigidity due to tispread of plasticity. By extension, if
the assumed values Bf" were responsible for the miscalculations\éf then the
correct predictions dfs would have required similarly reduced flexuraidiges for

all three frames. The valuesF’ that were required to force the correct failure
loads were calculated and are listed in Table [5THe resulting loadk graphs were
plotted as the light blue lines in figures [5.16]5.17]. Table [5.1] reveals that the
ratio EI/EI” varied considerably between the three framess ifimplied that each
section would had to have lost different proporsia flexural rigidity in order to
produce the correct failure load predictions. @itlee similar natures of the sections,
this was an unlikely requirement. Furthermorefdaging the correct failure loads
with EI”, the resulting values of were greatly in excess of the ABAQUS
counterparts. It was clear that the section shapdsnember slenderness ratios were
not the cause of the miscalculations/éf

El" El EI/EI"
(kNmm ?) | (kNmm 2)
kempspl(a) 610795 3119555 5.11
kempsp1(b) 199288 577149 2.90
kempsp1(c) 44287 95295 2.15

Table [5.1] Reduced flexural rigiditiesEl’ * required to force correct failure
load predictions from Kemp’s method

It is suspected that the poor failure load preditiresulted from Kemp’s failure
criterion of Eqn. (4.30). For the original testrftes, the accuracy of the failure loads
despite Kemp’s assumption of a pure sway failurelenoas probably a enabled by
the ductility of the flat bar. The 25x5mm sectalfowed extensive inelastic
deflections and hence large values<gf Consequently, Eqn. (4.30) was certain to
intersect the loadk graph regardless of the actual failure mode. duwility of the

flat bar section appeared to have aided the pied&bf a flawed failure criterion.

For the newer test frames, the first order defbediat failure were considerably
smaller, as were the corresponding valueX,ofThe failure criterion therefore passed
outside of theX,, W) limit. An accurate formulation of the failureiterion was
required to ensure a valid prediction of failurado This requirement was met by the
modified failure criterion of Eqn. (5.8). For eacbw test frame, Eqn. (5.8) passed in
close proximity to the failure point of the backadated ABAQUS loadX graph.

The modified criterion also provided information thre extent of membrane effects in
the test frames. The maximum vertical deflectibthe beam in the kempspZ1(c)
frame was 33mm, or 330 percent of the section dafpthilure. It was clear that
membrane effects were present in this frame, yentiscalculations of by Kemp’s
Eqgn. (4.30) obscured the assessment of these ®ffBgt contrast, the modified

failure criterion provided consistently accuratevess regardless of section shape, size
or rigidity. Since the modified criterion negledtmembrane forces, its accuracy
would have been compromised had the membrane fergesicantly affected
instability. The 0.4l frame was the only stru@dor which the modified criterion
significantly overestimated the failure load. Tfisme’s beam had the most severe
deflection/span ratio of 1/4.85 and was observediton an unconventional mode in
both the laboratory and the ABAQUS analyses. Similaccuracy was expected of
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Eqn. (5.8) for the 1.4span frame owing to the dguaiusual failure mode and severe
deflections recorded in the tests. However, it feasid that Eqn. (5.8) accurately
predicted failure for the 1.4span frame, thus meméreffects on its instability were
thought to be insignificant. It was concluded tiéth the exception of the 0.4l
frame, membrane forces had little effect on théainisity of the test frames. It was
furthermore apparent that the inaccuracies intreduny Kemp’s failure criterion

were significantly greater than those arising fliooth section shape and member
slenderness.

5.4.3 Support and joint behaviour

An additional variable that was considered beydmdsicope of this project was the
effect of real support and joint behaviour on dighi The supports of the test frames
offered full fixity, and the welded joints werelatst as rigid and strong as the parent
members. In practical design, the bending momesitaint of a column at its base is
usually assumed to be either fully fixed or pefieptnned. Joints are often treated as
having the same moment-curvature relationship@parent members, and pins are
assumed not to transmit any moment. In realitygn@at restraint and transfer will
always be partial to some degree, and the rigafifpints will depend upon the
method of fastening and the quality of fabricatidrhese aspects affect the overall
rigidity of the structure, and therefore its sugi®iity to geometric nonlinearity. In
the application of Kemp’s method, the nature ofghpport and joint behaviour may
have an effect on the quality of the failure loaedaction. If full fixity is incorrectly
assumed, then the displacements allowed by serdijdots and supports will cause
an early onset of nonlinear behaviour. Effectiyéiye amplification of first order
effects will be larger than anticipated, thus résglin a possible over estimation of
the failure load. Conversely, the assumption ofqotly pinned bases may result in
an underestimation of the failure load. The impgdaeal support and joint behaviour
on stability is probably unique to each structund therefore to each application of
Kemp’s method. However, the assumption of ideppsut and joint behaviour has
long been considered acceptably accurate for mastipal design methods. It is
therefore unlikely that a simplified empirical methwill require or justify an
allowance for the same. Furthermore, the effeshmdll miscalculations of fixity and
joint rigidity should be insignificant when compédrt® the errors introduced by a
bilinear loadX graph and the empirical failure criterion.

5.4.4 Overall impact of scale effects

It is likely that the accuracy of the failure lopredictions was particular to the
idealised structural shapes, loading configuratemms support conditions of the test
frames. This was partially due to the manner iictvithese properties were
measured and contrived, but chiefly a consequehtteeaunique interaction between
the properties themselves. All structures arectdfi differently by the interactions of
their own physical characteristics. The effectsd¢lof on the nonlinear behaviour
may be quantified either through advanced theakéinalysis or scale model testing.
Kemp’s simplification of the load relationship into a bilinear graph discards a grea
deal of information concerning the structural bebar In so doing it prohibits a
theoretical evaluation of the effects of variatiamstructural characteristics. The
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empirical bilinear graph and failure criterion mag well suited to certain structures,
but there is no reliable method of assessing tsr@cy without knowing the actual
failure load. In order to refine Kemp’s method &ospecific practical application, one
would require scaleable test data from a repreteatmodel. The test frames were
clearly unrepresentative of practical frames ansequently were unsuitable for use
in fine-tuning the empirical aspects of the methéthwever, as has been argued
above, it is believed that the scale effects preigethe test frames were not sufficient
to invalidate the results that were recorded. Irgoaly, the test frame results
supported the independently derived theoreticdluatimns and modifications of
Kemp’s method. This agreement between practicefamty suggested the
usefulness and quality of the test data overad,the validity of the method
evaluation. The proposed modifications of thediwihg section are based largely
upon the theoretical appraisal of Kemp’s methotie modifications have been
adapted to suit the test frame results, yet treeeemechanism included that allows for
an adjustment of the proposed failure criterionis believed that the ability to adjust
the failure criterion will extend the applicabiliof the proposed modifications to
more practical structures, should further reseaechonducted in this regard.

5.5 Modifications to Kemp’s Amplification Factor Th eory

The choice of a bilinear representation of the {¥agtaph seems to be both a logical
and practical simplification of the ‘actual’ relatiship. Since the instability of most
sway frames occurs after the spread of plastittiy amplification factor must be able
to be modelled for inelastic stress. It is impbkesto represent the entire loxd
relationship with acceptable accuracy by meansamgle straight line. Curves
involving higher powers oX would offer better accuracy, but would increase th
work involved in constructing the curve and caltinig the failure load. This would
also be true of a trilinear graph, with the add#ficdity of choosing a meaningful
and generally applicable condition at which to segtithe bilinear graph into three
parts. In contrast, the two conditiong, (V) and &, W) chosen by Kemp to
describe the bilinear graph are relevant to mostysnames and are relatively easily
calculated. These two conditions also lend theveseleadily to adjustment. As the
main purpose of Kemp’s theory is to assess inelasstability, it follows that the
most important elements of his theory with respechodifications are the definitions
of the failure criteria, and the positioning of tihelastic portion of the bilinear load
graph. The chosen approach was to adjust theseets so as to bring the failure
prediction closer to that of the back-calculateablatory and ABAQUS curves.

While it is unfeasible for a simplified method teedict the exact manner of
instability for the general case of sway frameshibuld be possible to use simple and
repeatable steps to determine the upper and lomis lof failure load. The first
upper bound load that is calculated in Kemp’s metisahe load that defines the end
of the bilinear graphW,. Being that\, is obtained from a first order analysis, the
actual structure should fail at a lower load duthtoweakening effects of second
order stresses. A further possible upper limthefailure load is provided by
Kemp'’s failure criterion. Though it takes into acat the second order effects, it
assumes failure in the non-critical pure sway maae ignores the work done by the
gravitational loads. The modified failure critariwill always calculate a lower
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failure load as it applies a similar amount of aifigation to the translational load
effect, but equates the amplified virtual work sunthat of the critical failure mode
(as opposed to the pure sway mode in Kemp’s aritgri A lower bound load may be
calculated using Egn. (5.9) below.

UW =W, (5.9)

This equation calculates a load factor that, wheitiplied by the corresponding
amplification factor, equaMy,. Graphically, this relationship is representedaby
straight line that intersects thkeaxis at 1 and the load axis\&. When converted to
an equivalent virtual work equation, it becomesilsimio Eqn. (5.7) above except that
the same ‘principal’ amplification factor is apgligo both translational and
gravitational loads.

SIW, 1y )T +SIW, /), 117) =U,S(W 1y ), 1) +U,S(W /), ;) (5.10)

As a result, the second order effects due to theitgtional loads are over estimated,
and the load so calculated should be lower tham¢heal failure load. These lower
bound failure lines are shown as the dotted rezslon the loa graphs of figures
[5.18] to [5.29] at the end of this chapter. Theysistently intersect the load
relationships at loads lower than actual failuféae triangular area bounded by the
lesser of the two upper bound failure loads and Eg®) defines a zone in which a
load multiplied by its corresponding amplificatitactor might equal the actual
failure load. The feasible area of this zonerstkd to the portion of bilinear graph
that falls between the limits. It became appatieat for a typical test frame the
second order ABAQUS failure usually fell near te thidpoint of the feasible
bilinear graph. This midpoint may be describediadisng on the intersection of the
bilinear graph and the failure criterion of Eqn.1(5) below.

UZW:(Wf(L) +Wf(U))/(/7' xf(L)+xf(U)) (5.11)

where Wy is the load where the lower bound failure lineeisects the W-X graph
Wiy is the load where the upper bound failure linerisgcts the W-X graph
Xiy andXsy)y are the corresponding values of X
is a constant that defines the proximity of time lto the upper and
lower boundary conditions (= 2 to bisect the tri@jigThe value ot is
subject to the following limits:
(\Nf(L) +Wf(U) +Wp(xf(L) B Xf(U)) £hE (\Nf(L) +Wf(U) +Ws(xf(L) B Xf(U))
w W,

p S

Instead of using Eqgn. (5.11), it is much simpledtaw the upper and lower
boundaries, and then find the midpoint of the kidingraph between these two limits.

The limits on are to keep the failure line of Egn. (5.11) betm#e upper and
lower bound failure lines. The actual value ofvill be dependent on the degree of

amplification at failure, as well as the mode dftability. These factors will in turn
be a function of the structural geometry and logdianditions, relative member and
joint stiffnesses, member slenderness and ductitiiych characteristics are unique to
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different structures, and thus a value otan only be relied upon if it has already
been checked for similar conditions by experimeotat Equation (5.11) is the
proposed form of the failure criterion, and altgrthe value of is a means of
empirically adjusting the accuracy for various staes and conditions. For all of the
test frames, a value of ‘= 2.0’ provided very favourable results.

The inelastic portion of the bilined@y-X graph is repositioned by modifying the limits
(X, W) and &,, Wp). The point Xi, W) represents a structure’s ‘limit of elastic
behaviour and is found by satisfying the interaatequation of Eqn. (4.2) below by
means of a first order elastic analysis. This éqnaletermines the load at the
formation of the first fully plastic section. Tip@int (X,, W) represents the limit of
plastic behaviour of a structure. This is regardgdbeing the collapse in the critical
combined mechanism as determined from a first gutdestic analysis. In section 4.3,
Kemp’s method was noted for the impressive accuvatty which it calculated the
point (Xp, Wy). For frames with sway-related critical collapsechanisms, Kemp’s
values of first order sway deflections at failuogrelated very closely with those
taken from first order inelastic ABAQUS analysé® enable such accuracy, it was
necessary for validity both in his virtual work rhetl of calculating first order
deflection, as well as his empirical expressionrémtuced flexural rigidity. Since
both of these requirements appeared to have betfontbe test frames, and
considering that(,, W) represents an actual limit that is broadly atile to sway
frames, this research does not justify modificatbthis limit.

L+ 056 s =10 (4.2)
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The theoretical limit of elastic behaviour is ailintat is open to interpretation. It
may be taken as the point at which the first ofibees of a flexural member achieve
plastic strain. Alternatively, as in Eqn. (4.2)may be regarded as the load at which
the first fully plastic section occurs. If the pb(X, W) is to be calculated with a first
order elastic analysis, then any condition invajvinelastic stress, and hence material
nonlinearity, cannot be properly represented. Tiesns that using such an analysis
to calculate the load at the first fully plasticsen is not theoretically correct.
Furthermore, it has been mentioned in this chaptdrthe use of the amplification
factor is not intended for the stresses or defhastiat any single location in a
structure. Consequently, Eqn. (4.2) makes incouse of the amplification factor
and provides an empirical elastic limit. Considgrihe degree of accuracy that is lost
in approximating a loaX curve with two straight lines, it is evident tt§xt, W) need
not fall upon the actual curve. It is more impattthat the choice of elastic limit
allows the bilinear graph to approximate the actuaVe near failure than that it
represents a true condition under load. For teeftames, the inelastic portion of the
bilinearW-X graph needed to be raised if the proposed faddterion was to provide
realistic failure loads. The first attempt at nagsthe graph was to apply the
amplification factor in Egn. (4.2) only to the momte arising from translational
loads. This was done in accordance with Kennedy®Eqgn. (2.50) for determining
the total moment at a given location in a structurae purple graph in Fig. [5.18] for
the kempspl frame shows the results of amplifyirggttanslational moments alone.
The X, W) point was clearly raised relative to Kemp’s anigji method, and the
accuracy of the proposed failure criterion was iowpd. The problems inherent to
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Kennedy et al's method are that it is only valid fectangular frames, elastic stresses
and clearly definable gravitational and translagidoads. An alternative means of
raising the turning point of the bilinear graph iasgnore amplification altogether as
per Egn. (5.12).

£+&+%:1.0 (5_12)
Cy M p Sy

This formula provides a simpler means of calcuta(), W), and further raiseg/

along the elastic slope of the graph. The resilepplying the proposed failure
criterion to the modified bilinear graph are illeged in figures (5.18) to (5.29) for all
of the test frames. The proposed failure lineaatecase is pink, and the modified
bilinear graph is light blue. For comparison, Kemptiginal bilinear graph is shown
in dark blue and the red chain-dashed line reptedes failure criterion. The
modifications to Kemp’s amplification theory regdtin maintained levels of
accuracy for failure load prediction. When complaiee ABAQUS failure loads,
Kemp’s margin of error ranged from —6.5% to +4.9%the laboratory frames, with
invalid calculations ofXs, W) for the 0.6rigidspan and kempspl I-section vammt
frames. The proposed method gave an error ramghaddailure loads of —7% to
+4.4% for all of the frames. The more visible effef the modifications was to
improve significantly the values 0. Kemp’s validX; values exceeded the
ABAQUS equivalents by +36% to +66%, while the nesccepancies for all of the
frames ranged from —2% to +26%. These failuredoae€re calculated using a
default value of 2 for the variable. The proposed modifications to the amplification
factor theory resulted in a method that displayedfollowing effects and benefits:

The calculation of point{;, W) was simplified due to the exclusion of the
amplification factor in Eqn. (5.12). Given thagtbriginal limit of elastic
behaviour is semi-empirical, such a modificatioowt be allowed if it can be
shown to suit a broad range of structural applicesi

The new elastic limit brought the inelastic portwithe bilinear graph closer
to the loadX curves of the laboratory tests and ABAQUS analysdss was
particularly evident near failure loads.

Three important upper and lower bound failure cbhods were recognised
and represented graphically on the lo&dxes. These boundary conditions
involved the load¥Vs andW,, that would normally have been calculated in
Kemp’s original method. Consequently, the repres@n of these
boundaries was a simple task that did not requitthér calculation beyond
what was performed for the original method.

The proposed failure criterion could also be exgedgyraphically on the load
X axes with ease. With equal to 2, the new failure criterion realisedtyas

improved amplification factor values at failure, ilghmaintaining the
accuracy of failure load prediction.

The empirical variable provided a means of adjusting the failure criterio
suit different structural applications. Even wétllefault value of 2, it allowed
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improved values of\,, andX; for all of the test frames, including the

0.6rigidspan and kempsp1l I-section variation frames
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6 CONCLUSIONS AND RECOMMENDATIONS

This chapter summarises the observations, findamglsconclusions with reference to
the objectives of the research project. Thereaftedifications are recommended for
Kemp’s amplification factor theory, and issues ttegjuire further investigation are
highlighted. A summary of the objectives is repédtere for the reader’s
convenience:

1. To establish how the chosen variations in coltonpeam span ratios, and
positions of gravitational loads affected the aacyrof Kemp’s method of
failure load prediction.

2. To determine the accuracy with which the bilmedationship approximated
the actual loa<X relationship of the test frames.

3. To perform a parametric study of the variablesdiin the amplification factor
theory to enable modifications and improvements.

Having tested the frames in the laboratory and WBAQUS, the results were
compared to Kemp’s predictions to address the tiivetobjectives. These
comparisons were then used to substantiate theiappand modification of Kemp’s
theory in achieving the third objective.

6.1 Failure Load Prediction

The ABAQUS and the laboratory results were verngelp matched, rendering them
almost interchangeable for the purposes of compatis Kemp’s results. The
ABAQUS results were used primarily as the datamdiogs were taken at smaller
load intervals, allowing smoother and more data-darves. The ABAQUS analyses
also eliminated the various errors associated latibratory testing (as discussed in
chapter 3). Comparisons to Kemp’s results yieldhedfollowing pertinent
observations and deductions:

There was an excellent degree of correlation batwee failure loads of all
test methods for the laboratory frames. The dEmeies between Kemp'’s
loads and the ABAQUS equivalents ranged from —@rsgnt to +4.9 percent
of the ABAQUS loads. A similar amount of variatioias observed in the
comparison of the ABAQUS and the laboratory testits. Kemp’s accurate
predictions of failure load were probably aidedthy ductility of the flat bar
section that was used in the test frames.

There appeared to be a trend of diverging failaeel$ between Kemp’s theory
and the ABAQUS analyses as the spans changed. 'Béaipre loads were
progressively lower than the ABAQUS counterpartsificreasing spans.

This trend was absent between the ABAQUS and latwyraesults. It was
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therefore likely that the divergence of the faillwads resulted from Kemp’s
theory. The progressive under-estimation of thensgtth of increasing spans
by Kemp’s method were probably due to the negléthi® effects of moment
redistribution. The ABAQUS tests revealed thatheesspans increased, the
loss of stiffness and strength after the formatbthe first fully plastic
section became more gradual. This retention ehgth was enabled by
moment redistribution as the frames became moxéfle The bilinear load
X graph does not allow for the manner in which mormedistribution affects
the shape of the actual leXdcurve after plastic stresses are encountered.

A similar trend was noted between the failure loadaBAQUS and Kemp’s
method for the loading length variation frames.nés failure load for the
kempspl frame was lower than the ABAQUS counterpyattthe
discrepancies between loads reduced as the lobaigths shortened. Given
that the loading length variation frames sharedlamgeometries, it was
unlikely that this trend was due to changes inabidity of the frames to
redistribute moment. Rather, it was more plausitdyn the effect of the
loading lengths on the sequence of plastic hingadtion in the frames. As
the loading lengths reduced, the vertical loadseduncreasingly severe
moments at the column tops and at the centre di¢hen. Plastic moment
hinges occurred in these locations in quick sudocassesulting in a rapid loss
of stiffness and strength after the formation @&f tinst hinge. This caused
failure to occur in the actual test frames at pesgively lower loads as the
loading lengths shortened.

Kemp'’s failure criterion suggests that failure vaticur in a pure sway mode.
The laboratory and ABAQUS tests showed that adaiklre occurred in
combined member and sway modes for all of the famé&mp’s assumption
of pure sway failure caused invalid calculationgadlure load for the
0.6rigidspan frame and the I-section variationkeyhpspl frame. In these
frames, the first order plastic sway deflectionsallapse , were not large
enough to ensure intersection of Eqn. (4.30) aedrtblastic bilinear load-
graphs. This indicated that Kemp’s amplificatiaetbr method would not
necessarily be more applicable to conventionalfpsia sections and
realistically slender members.

If failure were to occur in a pure sway mode, asmEmp’s assumption, then
one might assume that the positions of the vertazads on the beam would be
irrelevant to the actual failure load. The posit®f the loads, however, play
a role in determining the critical first order pgiadoad of the frame. In doing
so, they affect the position of the poid,(/p), and hence the shape of the
load-X graph. Consequently, the positioning of the loaffiscts Kemp’s
prediction of failure load, even if failure doescacin a pure sway mode.
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6.2 Load-X Curve Approximation

It is self evident that a bilinear graph cannot eiahighly nonlinear curve
accurately at all locations. Since the primaryegbye of Kemp’s theory is to predict
collapse loads, it is important that his bilineaadX graph is near the actual curve at
failure. Itis also desirable that the bilineaagh follows the same general shape as
the actual curve. The similar shape is an indicetinat the development of geometric
and material nonlinearity is occurring as antiogoitand that appropriate limits have
been chosen for the bilinear graph. Kemp’s [¥aglaphs compared to the ABAQUS
and laboratory counterparts in the following manner

Typically, the position of the elastic limiK{, /;) provided the correct slope for
the elastic portion of the graph. Accurate caltafes of sway stiffness
required reliable section property values fromc¢bapons tests. The quality
of the ABAQUS frame analyses were also dependeth@isection values,
thus the agreement of the frame test results floeetdifferent methods
further confirmed the accuracy of the test resovsrall.

As anticipated, the frames exhibited nonlinear b&ha at loads below
Kemp’s/i. The load/; represented the condition of the formation offtret
fully plastic section in the structure. Prior bestcondition, the stiffness of the
frame had been reducing due to the spread of gitgstiThe loss of section
stiffness, combined with the second order effectsgnt in the flexible test
frames, resulted in the divergence of the |1¥aclirves at relatively low loads.

The plastic portions of the bilinear lo&dgraphs passed consistently beneath
the failure points of the ABAQUS curves. The diéfieces in load between the
bilinear and ABAQUS graphs at actual failure weepehdant on the spans
and load positions. These discrepancies increagbhdonger spans and
greater loading lengths. Once more, this was deably due to moment
redistribution in the longer spans, and rapid lafsstiffness where loads were
concentrated near the centres of the beams.

The calculation of the poink§, /) required the first order sway deflectiop

of the frame at the point of collapse in the catimode. Kemp had devised a
method of calculating this deflection by using tireual work principle and

an empirical expression for reduced flexural rityidiThe expression for
reduced rigidity was to allow for the effects oglicity on members
containing fully plastic sections. The ability ¥émp’s method to calculate
first order deflections at collapse was supportgfalvourable comparisons of
Kemp’s deflections to those obtained from firsteawrdBAQUS. These
validations of the deflections coupled with theatilely simple calculations of
load/, provided a good basis for the limit of plastic &efour (X, /) on the
bilinear graph.

The incremental amplification factor valu¥sof Kemp’s method at failure
were substantially larger than those of the otivermethods. The values of
X resulted in amplification factors for the laborgttested frames that ranged
from 126 percent to 212 percent of the ABAQUSvalues. The best-
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matchedJ, values were of the 0.33sway frame, followed byitfoeeasing
spans of the span variation frames, and then bgeheeasing loading length
variations. These discrepancies implied that thpldied failure loads of the
ABAQUS and laboratory tests were correspondinglydothan the respective
first order pure sway collapse loads.

The load- curves that were extrapolated from the bilinead graphs were

unlike the ABAQUS or laboratory counterparts. Extrapolated load?
curves resembled bilinear graphs possessing sligliatures that indicated
nonlinear geometric effects. At loads belbwthe amplification factor
method produced deflections that underestimatedd¢heal deflections by
twenty to thirty percent. The correlation of reswas more favourable for
the frames with shorter spans and greater loadingths. At loads above,
the validity of the load®relationship was lost in all cases.

6.3 Appraisal of Kemp’s Theory

The results of the frame tests revealed that Kempiplification factor theory should
be improved both in the shape of the bilinear I¥agiaph, and in the conditions of
the failure criterion. Initially, the intention wdo perform a parametric study and
thereby identify variables that could be adjustedrtprove the method. It was soon
apparent that the empirical factors used in theutafions had either provided
favourable results, or had been ignored with neeesity effects. Modifications would
need to be made to the theory itself, and thisiredwa careful reassessment of
Kemp’s assumptions and workings. It was duringappraisal of Kemp’s theory that
conclusions were drawn about the efficacy and #liglity of his method. Below is a
summary of the findings as detailed in chapter 5:

During Kemp’s incremental consideration of secordko effects, he assumes
a proportional relationship between the secondroriatual works of
successive iterations for an arbitrarily shapedysfraame. Since the virtual
deflections remain unchanged, the actual secorel aleflections must
readjust at each increment in order that the s®abnd order virtual work can
be achieved. It is thus required that these ackef#ction changes occur such
that the conditions of moment equilibrium, compditypand the value ok

are simultaneously maintained at each iteratidrso | then it is possible that
the problems associated with using an incrementahemt equilibrium
approach are reintroduced for nonrectangular strastand inelastic stress
conditions.

The value of the incremental amplification fackofor a given structure is
dependent on the load-relationships of the individual members. At any
given load, Kemp’s formula for calculatingconsiders the total forces in the
members in relation to their total first order @etions. Consequentiyrelies
on the effective sway stiffnesses of the membatbger than their tangent
moduli. In the presence of plasticity, the effeetsway stiffness of a member
will always be greater than its tangent modulusiny effective sway
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stiffnesses in the calculation Kfthus results in an overestimate of the rigidity
of the structure. As the stresses becomes inaigdgglastic, the tangential
and effective stiffness values diverge, resultmghie progressive
underestimation of second order effects. Furtheemie geometric sum for
U, cannot allow for the loss of stiffness due to secorder strains albeit that
these losses will probably become significant riedure loads only.

Sway measurements taken in the laboratory and finensecond order
ABAQUS analyses were converted to equivalent @rger deflections |

using Kemp’s amplification factor. When plasticesses were present in the
frames, the back-calculated first order deflectimese larger than their proper
counterparts due to the underestimation of secother @ffects byJs.
Correspondingly, the load-graphs that used back-calculated deflections
showed greater losses of stiffness than the gragihg proper first order
deflections (as taken from first order ABAQUS arsaly). The ‘proper’ load-
X graphs often indicated elastic stresses at lobogeaactual failure. This
illustrated that the bilinear approximation shonttt model a loack graph
based on proper first order deflections.

Kemp’s amplification factor has been derived suwdt tt can be applied in the
general case to a sum of virtual work, not to imtiral moments or
deflections, or to a load factor. Once stresses h@ached their maximum
values, it is meaningless to amplify them furthBtfember sway deflections
may increase at different rates to each other witte same structure and
therefore be subject to varying amounts of amgltfan. Fortunately, the
incremental amplification factof was at all times proportional to the first
order sway deflection of the rectangular test frames. This allowedube

of the sway deflections measured in the laboraimigalculate the values of
Uo.

It is possible that the amplification of the effecf a load, or load group,
differ to the amplification of other load effects the same structure. This
notion is supported by Kennedy et al's method imcwlonly the effects of the
sway-inducing lateral loads are amplified. If t@cept of multiple
amplification factors is valid, theld, for a particular load will be dependent
on that load’s ability to induce member end swalyke more these sways
correlate to the virtual deflections of the chosesy mode, the greatek

will be for the given load. As per usual, the miaggte of the amplification
will also be dependent on the axial loads and Weysstiffnesses of the
members.

Given that the amplification factor has been detiveterms of virtual work,
the failure criterion should be expressed in sintdéams. Kemp’s criterion is
analogous to a virtual work equation if one assuthasthere is a single
amplification factor for a given structure. Thissamption allows simple
proportionality between the overall load factor dineél virtual work sum. In
the event of multiple amplification factors, thent@bution of each load group
would need to be weighted and appropriately angalifiln such a scenario,
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the failure criterion could not simply be expresseterms of a load factor but
would need to be written in terms of virtual work.

Separate amplification factors for the translatiaral gravitational loads on
the test frames allowed proper account to be takene relative virtual work
contributions. Actual failure of the frames ocadrmot in the pure sway
mode, but in a combined sway and member mechani$ns. combined mode
involved vertical movement of the gravitationaldsathus allowing them to
contribute to the virtual work sum. It was decidedt the structure would
become unstable when the appropriately amplifiea work of the first
order inelastic analysis equalled the unamplifigthial work at first order
plastic collapse in the combined mode. The resyitodified failure lines
were plotted on the loa¥-graphs and were found to pass very closely to the
actual failure points. This seemed to be compgeliapport for the differential
amplification of load effects

The most important discovery is the possibilitytttiee nonlinear behaviour of a sway
frame may be incorrectly modelled through the use single amplification factor. If
differential amplification of load effects is nesasy, then Kemp’s method is
empirical not only in the shape of the bilinearde@graph, but also in the derivation
of the amplification factor itself. In additiorhe opportunity to write a non-empirical
failure criterion may be lost if the correct amiaiéftion of the load effects is not
applied. That Kemp’s amplification factor and fagure criterion may be semi-
empirical does not imply that his method needsemtion in this regard.

Amplification factors are intended to provide thesmyner with a simplified means of
allowing for nonlinear behaviour. The calculatmintwo factors for a simple test
frame was laborious, and that of the modified fa&line was even more so. Even if
it were possible to perform such calculations fi@acpgical structures, the work
involved in doing so would negate the point of gsansimplified method. In contrast,
Kemp’s relatively simple method has been shown a@ergood predictions of
collapse loads for a variety of different structwglaapes. The concerns regarding
Kemp’s derivation otJ, and its tendency to underestimate geometric neatity in

the presence of plasticity are not problematicé accepts the empirical nature of the
method. Any modifications to Kemp’s method, theref cannot be entirely
theoretical and will need to be checked by expemnta#on for different types of
structures.

6.4 Recommendations

It is my opinion that Kemp’s formula for calculaditv, and his bilinear
representation of the loadirelationship should be retained. | have been lenab
suggest alternative methods of calculating thes@hias that are as simple or as
widely applicable. The recommendations involveftilwing changes to the limits
of the bilinear loadX graph, and to the manner in which the collapsd Isa
determined:

When calculating the elastic limiX /), the effect of the amplification factor
is ignored in the interaction equation.
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Upper and lower bound failure lines are construatettie loadX space,
delineating a portion of the bilinear graph in whfailure might occur. The
actual failure point defaults to the centre of dedineated graph, but may be
adjusted to suit the results of further experimeoma

These modifications can best be illustrated by aming the sequence of operations
required of Kemp’s original method to those tha scommended here. Below are
the steps that one would normally take to carrykamp’s method:

1.

Identify the most likely mode of pure sway fadwf the frame, and calculate
the corresponding first order plastic collapse I6adThis mode will be used
to calculate the virtual deflections required bg #mplification factor.

Identify the location in which the first fullylgstic section of the frame will
occur. This location will be the subject of théeraction Eqn. (4.1-1) below.

£+U2M, N 05s .
C M S

y p y

s=10 (4.1-1)

Perform a first order elastic analysis of trenfe, and calculate the
amplification factorJ, for the frame using the following equations:

_SC,D,,f;
=—— 12 (2.4-8)
Svij Lij fij
1
U,=— 2.4-11
2% 1 x ( )

Substitute the relevant terms from the analysis Eqgn. (4.1-1), and iterate
the analysis until the left hand side of the intéicm equation equals 1.0. At
this point, the incremental amplification factodahe load factor represent
the elastic limit X;, /;).

Identify the critical combined mechanism fosfiorder plastic collapse of the
frame, and calculate the corresponding l6ad

Calculate the first order sway deflections @& dompression members at the
point of plastic collapse in the critical combin@@chanism. This is
performed using Kemp’s virtual work method, andéxgression for reduced
flexural rigidity in members containing fully plastsections.

El'= EI(/ f)- LIC/C,)) (4.2-1)

Use Eqn. (2.4-8) to calculaxg, and therefore the plastic limii( /;).

Plot the bilinear load-graph (this step is optional).
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8. Solve the failure criterion of Eqn. (2.5-5) sitaneously with the inelastic
portion of the bilinear load graph (represented by Eqn. (2.5-2)) to calculate
the failure load/s.

U,/, =/, (2.5-5)

T+ (Xp' Xi)(/ - /i)

l<i<l, @ X=X =
p - i

(2.5-2)

The calculations performed in the modified metholfar the most part identical to
those listed above. Only those steps in which geamave been suggested are
repeated below:

2. Identify the location in which the first fullylgstic section of the frame will
occur. This location will be the subject of theposed interaction Eqn. (5.4-

4) below.
< +& +% =10 (Note the exclusion dfl,) (5.4-4)
c, M, S,

7. Plot the bilinear load graph (this step is no longer optional).

8. Inthe loadX space, plot the upper and lower bound failureslireresented
respectively by Kemp’s original failure criterionéiby Egn. (5.4-1).

Upper bound failure lineJ,,/ =/ (2.5-5)
Lower bound failure linet,/ =/ (5.4-1)

The portion of bilinear graph that passes betwhegse two boundaries is the
feasible failure zone. Bisect this line to fine tiefault failure load+ of the
frame.

The modified amplification factor method appearbaoe the following benefits and
effects when applied to the test frames:

The calculation of the elastic limit is simplifielilie to the exclusion of the
amplification factor in Eqgn. (5.4-4).

The new elastic limit brings the inelastic portiarighe bilinear graphs closer
to the loadX curves of the ABAQUS analyses. This is partidylavident
near failure loads.

Two important upper and lower bound failure corudi§ are recognised and

represented graphically in the loXdspace. These boundary conditions
involve the loadd s and/, that are normally calculated in Kemp’s original
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method. Consequently, the representation of thesadaries is a simple task
that does not increase the amount of calculatieqaired of the method.

The proposed method of calculatihgrealises vastly improved amplification
factor values at failure for the test frames, whilaintaining the accuracy of
failure load prediction.

The position of the failure point on the bilineaapgh can be fine-tuned
through experimentation to suit a variety of unledcframes. However, even
when using the default method of bisecting theildadailure zone, the new
method produces improved or comparable resultalfdhe test frames.

These recommendations have been developed sudhdéyanaintain the simplicity
and the broad applicability of Kemp’s original medh Even so, the modifications of
the bilinear loadX graph, and the position thereupon of the faillmphave been
chosen to provide favourable results for the teshés. This renders the
recommendations at least semi-empirical in thefurga Given the numerous and
substantial differences between the test framegeaxtical sway frames, the validity
and accuracy of any modifications will need to heaked before they are used in
practice. This may prove problematic for nonregtdar frames owing to the
difficulties involved in converting several measiigeflections for a single load state
into first order equivalents. The absence of firster deflections will prevent the
construction of the loa-curves, which will in turn prevent effective repiray of the
bilinear graph. In this case, the researcherinstiead be limited to checking the
failure load alone. Should Kemp’s amplificatiotiar method be investigated
further, | suggest that the researcher checksasracy on full-scale models with
realistic loading scenarios. The results shodtmamodifications that have
immediate practical significance. Additionallypriopose an investigation of the
validity of differential amplification of load eft#s and, if possible, a simplified
method of calculating and applying such factofssutcessful, such a theory may
reduce the empirical component of the method arid #vihe need to check results by
experimentation.

141



APPENDIX A LABORATORY COUPON TEST DATA

Fig. [A-F1] Coupon 1b stress-strain graph
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COUPON 1b L A c L E 4
(mm) (mmz) (kN) (mm) (MPa) (GPa) (MPa)
203 75.63 0 0 0 0 216.7 320
2 0.025 26.443]  0.000123
Breadth | Thickness A 4 0.05 52.887 0.000246
(mm) (mm) (mm?) 6 0.075 79.330]  0.000369
End 1 15.07 5 75.35 8 0.1 105.773]  0.000493
10 0.125 132.217]  0.000616
Breadth | Thickness A 12 0.15 158.660 0.000739
(mm) (mm) (mm?) 14 0.175 185.104]  0.000862
Middle 15.23 5 76.15 16 0.2 211.547] 0.000985
18 0.225 237.990]  0.001108
Breadth | Thickness A 20 0.25 264.434 0.001232
(mm) (mm) (mm?) 22 0.275 290.877|  0.001355
End 2 15.08 5 75.4 24 0.305 317.320]  0.001502
24.44 0.335 323.138]  0.001650
Where: 24.53 0.505 324.328]  0.002488
24.17 1.005 319.568]  0.004951
L = Gauge lengh 24.21 1.505 320.097| 0.007414
A = Cross-sectional area 24.55 2.005 324.592 0.009877
C = Tensile load 24.3 2.505 321.287|  0.012340
L = Extension 24.11 3.005 318.775]  0.014803
- Axial stress 24.3 3.505 321.287| 0.017266
) . 24.33 4.005 321.684] 0.019729
= Axial strain 24.4 4.505 322.609] _ 0.022192
E = Young's modulus 24.54 5.005 324.460] _ 0.024655
y = Yield stress 25.5 5.505 337.153]  0.027118
26.2 6.005 346.408]  0.029581
26.8 6.505 354.341]  0.032044
27.31 7.005 361.084]  0.034507
27.81 7.505 367.695]  0.036970
28.23 8.005 373.248]  0.039433
28.66 8.505 378.933]  0.041897
29.03 9.005 383.825| 0.044360
29.41 9.505 388.850] 0.046823
Table [A-T1] Tensile test data of Coupon 1b
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400
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APPENDIX A LABORATORY COUPON TEST DATA

Fig. [A-F2] Coupon 2a stress-strain graph
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L A [ L E y
COUPON 2a 2
(mm) (mm*®) (kN) (mm) (MPa) (GPa) (MPa)
203 75.25 0 0 0.000]  0.000000 216.7 320
2 0.025 26.579]  0.000123
Width | Thickness A 4 0.05 53.159]  0.000246
(mm) (mm) (mm?) 6 0.075 79.738]  0.000369
End 1 15.14 4.9 74.186 8 0.1 106.318]  0.000493
10 0.125 132.897]  0.000616
Width | Thickness A 12 0.15 159.476] 0.000739
(mm) (mm) (mm?) 14 0.175 186.056]  0.000862
Middle 15.15 5.01]  75.9015 16 0.205 212.635]  0.001010
18 0.23 239.214]  0.001133
Width | Thickness A 20 0.255 265.794]  0.001256
(mm) (mm) (mm?) 22 0.28 292.373]  0.001379
End 2 15.07 5.02]  75.6514 24 0.31 318.953]  0.001527
24.34 0.35 323.471]  0.001724
Where: 24.87 0.85 330.515]  0.004187
24.89 1.35 330.780]  0.006650
L = Gauge lengh 25.07 1.85 333.173 0.009113
A = Cross-sectional area 24.82 2.35 329.850 0.011576
C = Tensile load 24.78 2.85 329.319]  0.014039
L = Extension 24.79 3.35 329.451 0.016502
— Axial stress 25.2 3.85 334.900]  0.018966
- Aial strai 25.55 4.35 339.552]  0.021429
= Axialstrain 2557 4.85]  330.817] 0.023892
E = Young's modulus 25 535  332.242] 0.026355
y = Yield stress 26.72 5.85 355.101]  0.028818
27.35 6.35 363.473]  0.031281
27.88 6.85 370517  0.033744
28.38 7.35 377.161]  0.036207
28.85 7.85 383.408]  0.038670
29.26 8.35 388.856]  0.041133
29.64 8.85 393.906]  0.043596
30 9.35 398.691] 0.046059
Table [A-T2] Tensile test data of Coupon 2a
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APPENDIX A LABORATORY COUPON TEST DATA

Fig. [A-F3] Coupon 2b stress-strain graph
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L A [ L E y
COUPON 2b 2
(mm) (mm®) (kN) (mm) (MPa) (GPa) (MPa)
203| 77.730667 0 0 0.000]  0.000000 207.1 315
2 0.02 25.730]  0.000099
Width | Thickness A 4 0.055 51.460]  0.000271
(mm) (mm) (mm?) 6 0.075 77.190|  0.000369
End 1 15.05 5.15]  77.5075 8 0.105 102.919]  0.000517
10 0.13 128.649]  0.000640
Width | Thickness A 12 0.155 154.379]  0.000764
(mm) (mm) (mm?) 14 0.18 180.109]  0.000887
Middle 15.13 5.15]  77.9195 16 0.205 205.839]  0.001010
18 0.23 231.569]  0.001133
Width | Thickness A 20 0.255 257.299]  0.001256
(mm) (mm) (mm?) 22 0.285 283.029]  0.001404
End 2 15.1 5.15 77.765 24 0.315 308.758]  0.001552
24.85 0.49 319.694]  0.002414
Where: 25.12 0.99 323.167]  0.004877
24.58 1.49 316.220]  0.007340
L = Gauge lengh 25.02 1.99 321.881]  0.009803
A = Cross-sectional area 25.17 2.49 323.810 0.012266
C = Tensile load 25.19 2.99 324.068]  0.014729
L = Extension 25.22 3.49 324.454 0.017192
— Axial stress 24.88 3.99 320.080]  0.019655
- Aial strai 25.46 4.49 327.541]  0.022118
= Axialstrain 25.25 499 324.840] 0.024581
E = Young's modulus 255 5.49]  328.056] 0.027044
y = Yield stress 26.6 5.99 342.207]  0.029507
27.29 6.49 351.084]  0.031970
27.85 6.99 358.288]  0.034433
28.35 7.49 364.721]  0.036897
28.78 7.99 370.253]  0.039360
29.19 8.49 375.527]  0.041823
29.57 8.99 380.416]  0.044286
29.94 9.49 385.176] 0.046749
30.33 9.99 390.193] 0.049212
Table [A-T3] Tensile test data of Coupon 2b
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APPENDIX A LABORATORY COUPON TEST DATA

Fig. [A-F4] Coupon 3a stress-strain
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L A C L E
COUPON 3a ) Y
(mm) (mm?) | (kN) (mm) (MPa) (GPa) (MPa)
203 76.38 0 0 0.000] __0.000000 207.1 318
2 0.025 26.186] _ 0.000123
Width [ Thickness A 4 0.055 52.372] _ 0.000271
(mm) (mm) (mm?) 6 0.08 78.559]  0.000394
End 1 15.04 4.98] _ 74.8992 8 0.105 104.745] _ 0.000517
10 0.13 130.931] _ 0.000640
Width | Thickness A 12 0.155 157.117] _ 0.000764
(mm) (mm) (mm?) 14 0.18 183.303| _ 0.000887
Middle 15.24 507|  77.2668 16 0.21 209.489] _ 0.001034
18 0.235 235.676] _ 0.001158
Width [ Thickness A 20 0.26 261.862] _ 0.001281
(mm) (mm) (mm?) 22 0.285 288.048|  0.001404
End 2 15.18 507] _ 76.9626 24 0.315 314.234] _ 0.001552
2453 0.57 321.173| _ 0.002808
Where: 24.67 1.07 323.006] _ 0.005271
24.98 1.57 327.065| _ 0.007734
L = Gauge lengh 2516 2.07 329.422| _ 0.010197
A = Cross-sectional area 24.88 2.57 325.756 0.012660
C = Tensile load 24.63 3.07 322.483] _ 0.015123
L = Extension 25.01 3.57 327.458]  0.017586
= Axial stress 2514 4.07 329.160] _ 0.020049
 pxial strai 25.05 457 327.982] _ 0.022512
= Axalstrain 25.25 5.07]  330.600] 0.024975
E = Young's modulus 24.86 557  325494] 0.027438
y = Yield stress 26.55 6.07 347.621] _ 0.029901
27.19 6.57 356.001] _ 0.032365
27.76 7.07 363.464] _ 0.034828
28.27 7.57 370.141] _ 0.037291
28.71 8.07 375.902] _ 0.039754
29.14 857 381.532] _ 0.042217
2951 9.07 386.377] __0.044680
29.86 9.57 390.959] 0.047143
Table [A-T4] Tensile test data of Coupon 3a
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APPENDIX A LABORATORY COUPON TEST DATA

Fig. [A-F5] Coupon 3b stress-strain
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COUPON 3b L A c L E Y
(mm) (mmz) (kN) (mm) (MPa) (GPa) (MPa)
203 77.27 0 0 0.000]  0.000000 218.8 315
2 0.03 25.884]  0.000148
Width | Thickness A 4 0.055 51.769]  0.000271
(mm) (mm) (mm?) 6 0.08 77.653]  0.000394
End 1 15.2 5.07 77.064 8 0.1 103.537] 0.000493
10 0.125 129.422|  0.000616
Width | Thickness A 12 0.15 155.306]  0.000739
(mm) (mm) (mm?) 14 0.175 181.190]  0.000862
Middle 15.3 5.07 77571 16 0.2 207.075] _ 0.000985
18 0.225 232.959]  0.001108
Width | Thickness A 20 0.25 258.843|  0.001232
(mm) (mm) (mm?) 22 0.275 284.728|  0.001355
End 2 15.22 5.07]  77.1654 24 0.3 310.612|  0.001478
24.41 0.5 315.918]  0.002463
Where: 24.55 1 317.730]  0.004926
24.81 15 321.095] _ 0.007389
L = Gauge lengh 24.63 2 318.766] _ 0.009852
A = Cross-sectional area 24.7 2.5 319.672 0.012315
C = Tensile load 24.73 3 320.060]  0.014778
L = Extension 24.76 35 320.448]  0.017241
= Axial stress 2453 4 317.471] _0.019704
_ i 25.31 45 327.566]  0.022167
= Axial strain 2551 5 330.155 _ 0.024631
E = Young's modulus 25.09 55 324.719] _ 0.027094
y = Yield stress 26.46 6 342.450]  0.029557
27.09 6.5 350.603|  0.032020
27.64 7 357.722|  0.034483
28.12 75 363.934]  0.036946
28.55 8 369.499]  0.039409
28.97 8.5 374.935]  0.041872
29.36 9 379.982|  0.044335
29.71 95 384.512| 0.046798
30.05 10 388.912| 0.049261
Table [A-T5] Tensile test data of Coupon 3b
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APPENDIX B TEST FRAME PHOTOGRAPHS

i) W=0 ii) W=0.102kN (=0.08V)

Joint C

iii) W=1.107kN (=0.88W) iv) W=1.180kN (=0.9W)
First hinge occurs at joint C

V) W=1.254KkN (=0.98V) vi) Post collapse in combined mode| 1

Fig. [B-F1] Laboratory testing of the 0.6span frame
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APPENDIX B TEST FRAME PHOTOGRAPHS

i) W=0 ii) W=0.102kN (=0.12)

Joint C

iii) W=0.592KkN (=0.69V) iv) W=0.690kN (=0.80V)
First hinge occurs at joint C

v) W=0.861kN (M) vi) Post collapse in combined mode| 1

Fig. [B-F2] Laboratory testing of the 1.2span frame
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APPENDIX B TEST FRAME PHOTOGRAPHS

i) W=0 ii) W=0.494kN (=0.72V)

Joint C

iii) W=0.592KkN (=0.88V) iv) W=0.641kN (=0.98V)
First hinge occurs at joint C

v) W=0.666KN (=0.9YV) vi) Post collapse in combined mode| 1

Fig. [B-F3] Laboratory testing of the 0.6l frame
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APPENDIX C LABORATORY FRAME TEST DATA

= 1/(1-X)

KEMPSP1 L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 800 740 0.000 0.00 0.00 0.000 1.000
0.102 1.70 1.66 0.021 1.021
Where: 0.200 3.54 3.39 0.042 1.044]
0.298 5.56 5.20 0.065 1.070
L = Column length 0.396 7.75 7.07 0.088 1.097
W = Load factor (= ) 0.494 10.10 8.97 0.112 1.126
= Total sway deflection 0.592 12.64 10.92 0.136 1.158
= First order sway deflection 0.690 15.40 12.91 0.161 1.193
! 0.715 16.02 13.35 0.167 1.200
= (1w L) 0.739 16.75] 13.85 0.173 1.209
V = Horizontal sway load 0.764 17.53 14.38 0.180 1.219
=Wi/5 0.788 18.39 14.95 0.187 1.230
X = Incremental amplification factor 0.813 19.25 15.52 0.194 1.241
=W VL 0.837 20.13 16.08 0.201 1.252
U, = Amp|iﬁca’[ion factor 0.862 21.41 16.89 0.211 1.268
= 1/(1-X) 0.886 23.11 17.93 0.224 1.289
0.911 25.81 19.51 0.244 1.323
0.935 29.51 21.56 0.269 1.369
0.960 34.39]  24.05 0.301 1.430
0.984 40.43]  26.86 0.336 1.505
1.009 54.83]  32.53 0.407 1.685
Table [C-T1] Laboratory test of kempspl frame
0.6SPAN L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 480 444 0.000 0.00 0.00 0.000 1.000
0.102 1.35 1.33 0.017 1.017
Where: 0.347 5.27 4.94 0.062 1.066
0.592 9.77 8.71 0.109 1.122
L = Column length 0.837 14.76 12.46 0.156 1.185
W = Load factor (= ) 1.033 19.36 15.59 0.195 1.242
= Total sway deflection 1.082 20.68 16.43 0.205 1.259
. ) 1.107 21.32 16.83 0.210 1.267
= First order sway deflection 1.131 21.98 17.24 0.216 1.275
= /(1+W VL) 1.156 22.78 17.73 0.222 1.285
V = Horizontal sway load 1.180 24.30 18.64 0.233 1.304
= W/5 1.205 26.08 19.67 0.246 1.326
X = Incremental amplification factor 1.229 28.76 21.15 0.264 1.360
=W /L 1.254 31.96] 22.84 0.285 1.400
U, = Amplification factor 1.278 38.70]  26.08 0.326 1.484)
1.303 45.77 29.11 0.364 1.572

Table [C-T2] Laboratory test of 0.6span frame
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APPENDIX C LABORATORY FRAME TEST DATA

0.8SPAN L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 640 592 0.000 0.00 0.00 0.000 1.000
0.102 1.57 1.54 0.019 1.020
Where: 0.347 6.10 5.67 0.071 1.076
0.592 11.37 9.96 0.124 1.142
L = Column length 0.690 13.54 11.58 0.145 1.169
W = Load factor (= ) 0.788 16.12 13.42 0.168 1.202
= Total sway deflection 0.886 19.04] 1538] 0.192] 1.238
. . 0.935 25.63 19.41 0.243 1.320
, = First order sway deflection 0.984 35.04 24.46 0.306 1.441
= /(1+W VL) 1.033 49.79]  30.69 0.384 1.622
V = Horizontal sway load 1.082 76.93 39.22 0.490 1.962
=W/5 1.107 91.36 42.65 0.533 2.142
X = Incremental amplification factor
=W VL
U, = Amplification factor
=1/(1-X)

Table [C-T3] Laboratory test of 0.8span frame

1.2SPAN L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 960 888 0.000 0.00 0.00 0.000 1.000
0.102 1.72 1.68 0.021 1.022
Where: 0.298 6.04 5.62 0.070 1.076
0.494 11.37 9.96 0.124 1.142
L = Column length 0.592 14.43 12.22 0.153 1.180
W = Load factor (= ) 0.641 16.11 13.41 0.168 1.201
= Total sway deflection 0.690 18.21] 14.83] 0.85]  1.228
. . 0.739 24.24 18.60 0.233 1.303
, = First order sway deflection 0.788 3062 2214 0.277 1.383
= /(1+W VL) 0.812 34.47]  24.09 0.301 1.431
V = Horizontal sway load 0.837 39.97 26.65 0.333 1.500
=W/5 0.861 45.82 29.13 0.364 1.573
X = Incremental amplification factor
=W VL
U, = Amplification factor
=1/(1-X)

Table [C-T4] Laboratory test of 1.2span frame
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APPENDIX C LABORATORY FRAME TEST DATA

1.4SPAN L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 640 592 0.000 0.00 0.00 0.000 1.000
0.102 2.17 2.11 0.026 1.027
Where: 0.200 4.76 4.49 0.056 1.060
0.298 7.68 7.01 0.088 1.096
L = Column length 0.396 11.01 9.68 0.121 1.138
W = Load factor (= ) 0.494 14.80 12.49 0.156 1.185
= Total sway deflection 0.543 16.87] 1393 o0a74] 1211
. . 0.592 19.24 15.51 0.194 1.241
| = First order sway deflection 0.641 21.58 17.00 0.212 1.270
= (W WL 0.690 26.35] 19.82 0.248 1.329
V = Horizontal sway load 0.739 35.43 24.56 0.307 1.443
=WI/5 0.764 40.65 26.95 0.337 1.508
X = Incremental amplification factor 0.788 59.89 34.25 0.428 1.749
=W VL
U, = Amplification factor
=1/(1-X)

Table [C-T5] Laboratory test of 1.4span frame

0.6LL L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 800 444 0.000 0.00 0.00 0.000 1.000
0.102 1.83 1.79 0.022 1.023
Where: 0.200 3.74 3.57 0.045 1.047
0.298 5.87 5.47 0.068 1.073
L = Column length 0.396 8.38 7.59 0.095 1.105
W = Load factor (= ) 0.494 11.05 9.71 0.121 1.138
= Total sway deflection 0.543 1250 10.81] 0135 1.156
. . 0.592 14.33 12.15 0.152 1.179
| = First order sway deflection 0.641 18.67 15.14 0.189 1.033
= /(1+W VL) 0.666 20.87]  16.55 0.207 1.261
V = Horizontal sway load 0.690 41.47 27.31 0.341 1.518
=W/5
X = Incremental amplification factor
=W VL
U, = Amplification factor
=1/(1-X)

Table [C-T6] Laboratory test of 0.6l frame
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APPENDIX C LABORATORY FRAME TEST DATA

0.4LL L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)
400 800 296 0.000 0.00 0.00 0.000 1.000
0.102 1.72 1.68 0.021 1.022
Where: 0.200 3.67 3.51 0.044 1.046
0.298 5.99 5.57 0.070 1.075
L = Column length 0.396 8.59 7.76 0.097 1.107
W = Load factor (= ) 0.494 11.54 10.09 0.126 1.144]
= Total sway deflection 0.543 13.83 11.79 0.147 1.173
. ) 0.592 33.70 23.71 0.296 1421
, = First order sway deflection
= /(1+W /L)
V = Horizontal sway load
=W/5
X = Incremental amplification factor
=W /VL
U, = Amplification factor
=1/(1-X)

Table [C-T7] Laboratory test of 0.4l frame

0.33SWAY L Span | Loading Length W | X U,
LAB (mm) (mm) (mm) (kN) (mm)  |(mm)

400 800 740 0.000 0.00 0.00 0.000 1.000
0.061 1.64 1.62 0.012 1.012
Where: 0.179 5.23 5.03 0.038 1.039
0.296 9.14 8.55 0.064 1.069
L = Column length 0.414 13.35] 1213 0.091 1.100
W = Load factor (= ) 0.532 18.00]  15.86 0.119 1.135
= Total sway deflection 0.620 21.73]  18.68 0.140 1.163
, ) 0.664 23.85] _ 20.23 0.152 1.179
| = First order sway deflection 0.679 2457] __20.75 0.156 1.184
= J(1+W VL) 0.693 25.61]  21.48 0.161 1.192
V = Horizontal sway load 0.708 26.63]  22.20 0.166 1.200
=W/3 0.723 28.67]  23.60 0.177 1.215
X = Incremental amplification factor 0.737 30.57 24.87 0.187 1.229
=W L 0.752 32.47]  26.11 0.196 1.244]
U, = Amplification factor 0.767 34.44]  27.37 0.205 1.258
= 1/(1-X) 0.781 37.97 2955 0.222 1.285
0.796 41.22]  31.49 0.236 1.309
0.811 44.67] _ 33.46 0.251 1.335
0.826 47.77]  35.17 0.264 1.358
0.840 51.32]  37.06 0.278 1.385

Table [C-T8] Laboratory test of 0.33sway frame
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APPENDIX D ABAQUS FRAME TEST DATA

KEMPSP1 W B Bl Xg c cl Xc Xave W ! X
ABAQUS kN) | (mm) [ (mm) (mm) | (mm) (kN) (mm)
0.000 0.00 0.00] _ 0.000 0.00 0.00] __ 0.000] 0.000) 0.000 0.00] _0.000
SECOND ORDER 0.098 1.84] 1.80] _0.022] 1.80) 1.76] __ 0.022 0.022|FIRST ORDER 0.100 180 0.022
INELASTIC 0.194 3.74 3.57]__0.045 3.58 343 0043 0.044]INELASTIC 0.200 3.60] _0.045
ANALYSIS 0.331 6.74] 6.22] _0.078 6.27 582 _ 0.073 0.075|ANALYSIS 0.350 6.30] _0.079
0.525] __ 11.49 10.05] _0.126] 10.28] 911 0114 0.120) 0.575 10.35] _ 0.129
0.776] _ 19.20 15.48] _ 0.194] 16.36) 1359 0.170 0.182) 0.877 16.68] _ 0.208
(1sthingeatC)  [HIMMOMBGA| 24.02[ 1847] o0.231] 20a17] 16.11] 0201 0216 0.888]  17.04] 0.213
0.868] 2428 18.63| _ 0.233 20.38] 16.24] __ 0.203 0.218) 0.905 17.58] _ 0.220
0.871] 2468 18.86] _ 0.236) 20.70) 1645 0.206 0.221] 0.929 18.43] _ 0.230
0.877] 2528 19.21] _ 0.240) 21.19) 16.75] __ 0.209 0.225) 0.952 19.76] _ 0.247
0.885] _ 26.19 19.73] _ 0.247] 21.92) 17.21]  0.215 0.231] 0.986 21.78] _0.272
0.897] 2756 20.50] _0.256) 23.02) 1788 0.223 0.240) 1.030 2483 0.310
0.914] 2962 21.62] _0.270 24.69) 18.87] __ 0.236 0.253) 1.077 29.29] _0.366
0.936] _ 32.73 23.23] _ 0.290) 27.16) 20.28] _ 0.253 0.272) 1.098 31.76] _ 0.397
0.960] __ 37.39 2548 0.319] __ 30.77, 2222 0.278 0.298) 1122 3548 0.443
0.971] __40.03 26,68 0.334| __ 32.77, 2325 0.291 0.312) 1.155 40.96] 0512
0.984] 4401 28.39] _ 0.355) 35.77] 24.72] _ 0.309 0.332) 1197] __ 49.02[ 0613
1.002| ___49.98] _ 30.76] _0.385] _ 40.06 26.69] _ 0.334 0.359) 1.229 57.13]  0.714
1.017|__ 59.10 33.99] 0.425| _ 46.72 2950 __ 0.369 0.397] 1.256 64.73] _ 0.809
1.270 77.64] __0.970
1.288 96.82]  1.210
1.298 125.58| 1.570
1303 14117 1765
Table [D-T1] ABAQUS test of kempspl frame
0.6SPAN W B BI Xg ® cli Xc Xave W ] X
ABAQUS (kN) (mm) | (mm) (mm) | (mm) (kN) (mm)

0.000 0.00 0.00] _0.000 0.00 0.00] __ 0.000] 0.000) 0.000 0.00] __0.000
SECOND ORDER 0.098 1.55 1.52 0.019 1.54 1.51 0.019] 0.019]FIRST ORDER 0.100 1.54 0.019]
INELASTIC 0.192 3.11] 2.99] _0.037, 3.09) 2.97] 0037 0.037|INELASTIC 0.200 3.09] __0.039
ANALYSIS 0.327 5.46) 511] 0.064 5.41] 506 __ 0.063 0.064JANALYSIS 0.350 540 __0.067
0.516 9.02] 8.11] _0.101] 8.89) 8.00] __ 0.100 0.101] 0.575 887 0.111
0772|1443 12.22] _0.153 14.12) 12.00] __ 0.150 0.151] 0.913 14.08] _0.176
1.083|__ 2265 17.65] _ 0.221] 22.02] 17.27] 0216 0.218) 330 21.99] _0.275
(1sthingesatC |G|  27.32 20.36] _0.255) 26.49) 19.90) 0.249) 0.252, 388 24.02]__0.300
and D) 1.178] 27.56, 20.50] _0.256) 26.73 20.03] _ 0.250 0.253 432 26.05] _0.326
1184 27.93 20.70] _ 0.259) 27.08] 20.23] __ 0.253 0.256) 1.470 28.07] _0.351
1192 28.49 21.01] _ 0.263 27.61] 2053 0.257 0.260) 1516 31.09] _0.389
1.200|___29.32 21.46] _ 0.268 28.41] 20.97] ___0.262 0.265) 1.565 3557 0.445
1213|3058 22.12] _0.277, 29.62) 21.62] __ 0.270 0.273 1.589 38.08] __0.476
1.230|___ 32.47 23.10] _ 0.289) 31.42] 22.56] __ 0.282 0.285) 1.614 41.82] 0523
1.250|___ 35.28 24.48] _ 0.306) 34.10) 2391 0.299 0.302) 1648 __ 47.43] 0593
1.264|__ 38.09 2581] _ 0.323 36.77] 2519 0315 0.319) 1.663 50.59] _ 0.632
1.277|___40.91 27.07] _0.338) 39.42) 2641 0.330 0.334] 1.679 5538 0.692
1284 45.12 28.85 _0.361] __ 43.41] 28.14] 0352 0.356) 1.696 62.61] _0.783
1.703 66.68] 0.834
1.711 72.80] __0.910
1.713 76.25] _ 0.953
1714 ___79.70] __0.996
1.715 8314] 1.039

Table [D-T2] ABAQUS test of 0.6span frame

154




APPENDIX D ABAQUS FRAME TEST DATA

0.8SPAN w B BI X c ci Xc Xave w I X
ABAQUS (kN) (mm) [ (mm) (mm) | (mm) (kN) (mm)
0.000) 0.00) 0.00] 0.000] 0.00) 000 0.000]  0.000 0.000 0.00] _0.000
SECOND ORDER 0.098] 1.69 1.66] 0.021 1.68 164 0021] 0.021|FIRST ORDER 0.100 168 0.021
INELASTIC 0.193 3.42 3.28] 0.041 3.36) 323]  0.040]  0.041|INELASTIC 0.200 3.36] 0042
ANALYSIS 0.329 6.08 5.65] 0.071 5.90) 549 0.069]  0.070JANALYSIS 0.350 5.87] 0.073
0521 1017 9.02] 0.113 9.72 867 0108 o0.11]] 0575 9.65] 0.121
0781 1654 13.70| 0.471] 1549 12.98] 0.62]  0.167 0910] 1532 o001
(1st hinge at C) 2661 1007 0250[ 2455 1877 0235 0.247 1.053] 1864 0.233
1.092[ 37.01] 2530 0316] 3382 2377 0297]  0.307 1111 2058 0.257
1130|  47.36] _29.75] 0.372| 4278 27.87]  0.348]  0.360 1171 2355 0.294
1135 ©53.27] 3198] 0.400] 4794 2098 0375] 0.387 1236]  27.98] 0.350
1284] 3234 0.404)
1318]  36.66] 0.458
1.336]  39.07] 0.488
1.359] 4265 0.533
1377] 4625 0.578
1394 4985 0.623
1.420]  55.24] 0.690)
1.447]  63.59] 0.795
1.467| _ 76.62] 0.958
1473[  84.04] 1.051
1481 05.19] 1.190)
Table [D-T3] ABAQUS test of 0.8span frame
1.2SPAN w B BI X © ci Xc Xave w I X
ABAQUS (kN) | (mm) | (mm) (mm) | (mm) (kN) | (mm)

0.000) 0.00) 0.00]_0.000] 0.00) 000 0.000] 0.0 0.000 0.00] _0.000
SECOND ORDER 0.098] 1.97] 192[ 0.024 1.88 184]  0.023]  0.024|FIRST ORDER 0.100 191 0.024
INELASTIC 0.193 4.07] 3.87] 0.048 3.72) 356 0.044]  0.046)INELASTIC 0.200 3.82] 0.048
ANALYSIS 0.329) 7.43 6.80] 0.085 6.39) 592 0.074] _ 0.079]ANALYSIS 0.350 6.68] 0.084
0521 1204 1114 0139  10.20) 905 0113 0.12§ 0575] 1098 0137
(sthingeatc)  (MMMMOMBAl 2228]  17.43] 0.0218| 1602] 1334 0.167]  0.192 0.693] 13.51] 0.169
0743 2286] 17.78] 0.222| 16.38] 13.60]  0.470]  0.19 0.747] __15.10] 0.189
0753|2375 1832 0220 16.95] 13.00] 0.i75] 0202 0.773] __16.04] 0200
0765 2514 1013 0230 iv.es| 1461 0183  0.211 0.805]  17.55] 0.219
0783 27.26] 20.33] 0.254| 1020] 1554] o0.104] 0.224 0.842]  10.98] 0.250
0806 3050 22.08] o0.276] 2142 16.90] o0211] 0.244 0891 2374 0297
0832 3537] 2453 0307| 2441 18.70] 0.234]  0.270 0939 29.21] 0.365
0863 4267] 27.83] 0348 2843 2098] 0.262] 0.305 0.949] 3051 0.381
0877 4677] 29.52] 0.369| 3044 22.05] o0.276] 0.322 0957] 31.85] 0.398
0895 5208 3187 0398 33.25] 2349] 0204 0.346 0.969]  33.87] 0.423
0917| 6250 3500 0439 37.37] 2547] 0318] 0.379 0986  36.91] 0.461
1.009] 41.42] 0518
1.036] 4754 0.594
1.068] _ 55.50]  0.694
1.080] 59.77] 0.747
1.088]  63.75] 0.797
1.004] 6719 0.840
1.007] 6935 0.867
1.098] __ 70.93] _0.887]
T.009] _ 71.79] _0.897]
T.100] __ 72.06] _0.901]
TI0L] _ 72.47] 0.908
1.102 73.08] __0.913|
T.104] _ 74.00] _0.925
1105 7452] 0.931]

Table [D-T4] ABAQUS test of 1.2span frame
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APPENDIX D ABAQUS FRAME TEST DATA

1.4SPAN W B BI Xp c ci Xc X ave w | X

ABAQUS (kN) (mm) [ (mm) (mm) | (mm) (kN) (mm)

0.000 0.00 0.00[_0.000 0.00 0.00] _ 0.000 0.000) 0.000 0.00] _0.000

SECOND ORDER 0.098 2.11 2.05] _0.026) 1.94] 189 0.024 0.025|FIRST ORDER 0.100 2.0 0.025

INELASTIC 0.191 4.40) 4.17] 0.052 3.73) 356] __ 0.045 0.048|INELASTIC 0.200 4.02]_0.050)

ANALYSIS 0.323 8.20 7.44]  0.003 6.15) 5.72 0.071] 0.082|ANALYSIS 0.350 7.04]  0.088

0.506] 1463 12.37]  0.155 9.19 8.25]  0.103 0.129) 0.573 11.59]  0.145

0501] 1881 15.23]  0.190 10.87 9.57 0.120 0.155] 0.771 2157] 0.270

(Lst hinge at C) 21.51 16.95] 0.212 12.02 1045 0131 0.171] 0.800 24.45]  0.306

0.649] 2311 17.93]_0.224 12.70) 10.96]  0.137 0.181 0.821 27.22] _0.340

0.658] _ 24.04 18.48]  0.231 13.10) 11.26]  0.141 0.186 0.846 30.98] __0.387

0.669] 2552 19.35] 0.242 13.81 11.78]  0.147 0.195] 0.875 36.66] _0.458

0.686] 2776 20.61] 0.258 14.86) 1253 0.157 0.207] 0.906 43.86] 0.548

0.708] _ 31.20 22.45] 0.281 16.40) 13.61 0.170) 0.225] 0.918 47.07] 0588

0731]  36.33 24.98] 0.312 18.23 1485  0.186 0.249) 0.933 50.61 0.633

0.759]  43.92 28.35] 0.354 20.03 16.02 0.200 0.277] 0.941 5252 0.656

0792|5561 32.81]  0.410 20.90) 16.57 0.207] 0.309) 0.942 52.99]  0.662

0.806]  62.01 34.93] 0.437 20.53 16.34]  0.204 0.320) 0.943 53.15] _0.664

0.808]  65.89 36.13| 0.452 20.53 16.34]  0.204 0.328) 0.943 53.30] _0.666

0.811] 7200 37.89[ 0474 20.79) 16.50]  0.206 0.340) 0.943 53.53]  0.669

0.944 53386 0.673

0.945 54.37]  0.680

0.946 55.13]  0.689

0.948 56.28] _ 0.703

Table [D-T5] ABAQUS test of 1.4span frame
0.8LL w B BI Xg © cl Xc Xave W I X

ABAQUS (kN) (mm) | (mm) (mm) | (mm) (kN) (mm)

0.000 0.00 0.00]__0.000 0.00 000 0.000 0.000) 0.000 0.00] _0.000

SECOND ORDER 0.008 1.85 1.81] 0.023 1.78] 174 0022 0.022|FIRST ORDER 0.100 1.80] _0.022

INELASTIC 0.194 3.80 3.63] 0.045 3.53 338 0.042 0.044]INELASTIC 0.200 3.60] 0.045

ANALYSIS 0.331 6.90) 6.35] 0.079) 6.10) 5.67 0.071] 0.075|ANALYSIS 0.350 6.30] 0.079

0525] 1193 10.38] 0.130) 9.84 8.76]  0.109 0.120] 0.575 10.35] _0.129

(1st hinge at C) 20.50 16.32] 0.204 15.90) 13.26] __ 0.166 0.185) 0.683 12.87] _0.161

0.790] 3086 22.27] _0.278 23.11)] 17.93]  0.224 0.251] 0.784 17.37] 0217

0.827] 4127 27.22] 0.340 29.23] 2141  0.268 0.304 0.821 20.07] _0.251

0.835] 4387 2833 0.354]  30.58 22.12 0.277 0.315) 0.858 2389 0.299

0.845]  47.82 29.03|  0.374 32.55 23.14]  0.289 0.332) 0.900 2957 0.370

0.857]  53.97 32.23] 0.403[  35.48 2458 0.307 0.355) 0.917 32.83]  0.410

0.867]  60.20 34.35] 0.429 38.05 2578]  0.322 0.376) 0.938 37.58] _0.470

0.869] 6178 34.86] 0.436) 38.70 26.08]  0.326 0.381] 0.965] _ 44.12] 0552

0.988 52.40]  0.655

0.992 54.15]  0.677

0.995 55.67] _0.696

0.997 56.69] 0.709

0.999 57.82] 0.723

1.000 58.75] 0.734

1.001 59.10] _ 0.739

1.003 59.63] 0.745

1.005 60.42] 0.755

1.005 60.46] 0.756

Table [D-T6] ABAQUS test of 0.8ll frame
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APPENDIX D ABAQUS FRAME TEST DATA

0.6LL w B BI Xg c cl Xc Xave w I X
ABAQUS (kN) (mm) | (mm) (mm) | (mm) (kN) (mm)
0.000 0.00 0.00]__0.000 0.00 000 0.000 0.000) 0.000 0.00] _0.000
SECOND ORDER 0.098 1.87 1.82] _0.023) 1.76) 1.72 0.022] 0.022|FIRST ORDER 0.100 1.80] _0.022
INELASTIC 0.193 3.87 3.69] _0.046| 3.45] 331 0.041] 0.044]INELASTIC 0.200 3.60]__0.045
ANALYSIS 0.330 7.11] 6.53] 0.082 5.85) 545  0.068 0.075|ANALYSIS 0.350 6.30] 0.079
0.520] 1250 1081 0.135 9.20) 825 0.103 0.119] 0.567 1052] 0.3
(Lst hinge at C) 16.26) 13.51] _ 0.169) 11.56) 10.10] __ 0.126 0.148 0.652 1359 0.170
0.650]  22.44 17.52]  0.219 15.24) 12.80]  0.160 0.190) 0.655 13.77] 0172
0.677] 2879 21.17] 0.265) 18.50) 15.02 0.188) 0.226) 0.659 14.04] __0.175]
0.695]  35.20 24.44] 0.306 21.13] 1671  0.209 0.257] 0.664 1444 0.181]
0713] 4497 28.79]  0.360 23.97 18.44]  0.231 0.295] 0.671 15.04] _o.188
0727] 5532 32.71]  0.409) 25.19) 19.16] _ 0.239 0.324] 0.681 15.91] _ 0.199)
0729] 5762 33.49] 0.419 24.79) 1893  0.237 0.328 0.693 17.19]  0.215
0.730]  59.04 34.27] 0.428 24.35] 18.67 0.233] 0.331] 0.712 19.13] _ 0.239)
0731] 6352 3541 0.443 23.75) 1831 0.229 0.336) 0.734 22.08] __0.276
0732]  69.15] 37.00] o0.464 23.06) 17.90]  0.224 0.344) 0.758 26.27] 0.328
0732] 7815 39.53] 0.494 22.44] 17.52 0.219) 0.357] 0.785 32.12] 0.402
0.797 37.21]  0.465
0.799 38.25] 0.478
0.801 39.20]  0.490
0.803 40.03]  0.500
0.805] _ 40.87] 0511
0.805] __41.07] 0513
0.806]  41.38] 0517
0.808]  41.84] 0523
0.809 4210|0526
Table [D-T7] ABAQUS test of 0.6l frame
0.4LL w B BI Xg c ci Xc Xave W I X
ABAQUS (kN) (mm) [ (mm) (mm) | (mm) (kN) (mm)

0.000 0.00 0.00] 0.000 0.00 0.00]  0.000 0.000) 0.000 0.00] 0.000
SECOND ORDER 0.098 1.88] 1.84] 0.023) 1.74] 1.70] __ 0.021 0.022|FIRST ORDER 0.100 1.80] _0.022
INELASTIC 0.193 3.94] 3.75] _0.047 3.36) 323 0.040) 0.044]INELASTIC 0.200 3.60] __0.045
ANALYSIS 0.328 7.33) 6.71] 0.084 5.58] 521]  0.065 0.075|ANALYSIS 0.350 6.30] 0.079
0.506]  13.15 11.30]  o0.141 8.61] 7.77 0.097] 0.119) 0.550 10.77] _0.135]
(Lst hinges at B 16.99) 14.02]  0.175) 10.29) 911 0.114 0.145) 0.556 11.03] 0.138
and under load 2) 0.554] 1721 14.16] 0177 10.38] 9.18[ _0.115 0.146 0.564 143 0.143
0566] 1753 14.38] 0.180 10.51 929 o0.116] _ 0.148 0.575 2.03]_0.150
0569]  18.04 14.72] 0.184 10.74) 9.47 0.118 0.151] 0.589 3.04] _0.163
0.563]  18.82 15.24]  0.190 11.10) 9.75] 0.122 0.156) 0.603 14.67] 0.183
0567]  20.01 16.00]  0.200 11.62 1015 0.127 0.163 0.620 16.98] 0212
0573] 2178 17.12]  0.214 12.35) 10.70]  0.134 0.174) 0.629 18.30] 0.229
0581|2445 18.73] _0.234) 13.31] 1141 0143 0.188) 0.640 20.24] _0.253
0.590] 2855 21.04]  0.263 14.56) 12.32 0.154] 0.208) 0.646 21.28]_0.266
0595] 3272 23.22]  0.290) 15.43] 12.94]  0.62 0.226] 0.651 22.76] 0.284
0599]  36.94 25.27] 0.316 15.95] 13.30] __ 0.166 0.241] 0.658 2485 0311
0.603] 4114 27.17] 0.340 15.87 13.24]  0.166 0.253 0.666 27.39]  0.342
0.608]  47.24 29.70] _0.371] 14.58] 12.34]  0.154 0.263 0.669 2859  0.357
0613] 5323 31.96] 0.400) 12.56) 1085 0.136 0.268) 0.671 29.53] _0.369
0.618]  59.40 34.00] 0.426 10.27 910 o0.114 0.270) 0.673 30.15] __0.377
0.620]  63.20 35.31] 0.441] 8.97 8.07 0.101] 0.271] 0.674 30.40] 0.380
0.621] 6340  3537] 0442 8.91 8.01] _ 0.100) 0.271] 0.674 30.51] 0.381
0621] 6372 35.47] 0.443 8.81 793 0.099 0.271] 0.675 30.62]  0.383
0.621]  64.19 35.62] 0.445) 8.66) 781 0.098 0.271] 0.676 30.79] 0.385
0.622] __64.91] 3584 0448 8.43 7.63]___0.095 0.272) 0.676 30.89] _0.386
0.622] 6533 35.96] _0.450 31 753 0.094 0.272) 0.676 30.95] _0.387
0.622] _ 65.96 36.15] 0.452 14 738 0.092 0.272) 0.676 3098 0.387
0.622] __66.93] _ 36.44] 0.456 87 7.17 0.090) 0.273 0.677 30.99] _0.387

0.623] __68.38 36.87] _0.461] 7.48) 684 o0.086] _0.273

0624 7050 3750 0.469 6.90) 635] o079 0274

Table [D-T8] ABAQUS test of 0.4l frame
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APPENDIX D ABAQUS FRAME TEST DATA

0.33SWAY W B BI Xg c cl Xc X ave W 1 X
ABAQUS kN) | (mm) | (mm) (mm) [ (mm) (kN) (mm)
0.000) 0.00) 0.00]_0.000) 0.00) 000 0.000]  0.000 0.000 0.00] _0.000
SECOND ORDER 0.098 3.04 2.97] _0.022 3.00 293 0.022]  0.022|FIRST ORDER 0.100 3.00] 0022
INELASTIC 0.193) 6.15] 5.88] 0.044 5.99) 573]  0.043]  0.044]INELASTIC 0.200 6.00] 0.045
ANALYSIS 0.328] 1094 1011 o0.076] 1046 970 0.073]  0.074JANALYSIS 0350 10.50] _0.079
0517]  18.37] 1645 o0.421] i7.16] 1521 0114 o0.18 0575] __ 17.24] _0.129
S| 003 2451 o184 2737 2271 oaro| o0.ar77 0.691]  21.07] 0.58
0725 30.66]  24.93] o0.a87|  27.09]  23.09]  0.073] _ 0.180 0.799] __27.06] _0.203
0734] 3161 2555 0102 2875 2365 o0dr7|  0.85 0.861] _ 33.20] _0.249
0.744] 3304 26.48] 0109 30.00[ 2449 o184 o.101 0911 39.38] _0.295
0758 3518 27.84] 0209 31.86] 2571] 0.93] 0.201 0969  48.34] 0.363
0.776] _38.42] 29.83] 0.224] 3469 2753 0.206] 0215 0.992] _ 53.37] _0.400
0800 4330 3269 0245 38093 30.43] 0.226] 0.236 1014 6119 0.459
0826 5073 36.75] 0.276] 4542 3388] 0.254]  0.265 1.024] 6918 0.519
0832] 5824 4054 0304 217 3750 0281 0203 1029] _ 77.32] 0580
1031 8559 0.642
Table [D-T9] ABAQUS test of 0.33sway frame
0.6RIGIDSPAN| w 3 s | Xs A = Xc X ave w | X
ABAQUS (kN) (mm) [ (mm) (mm) | (mm) (kN) (mm)
0.000) 0.00) 0.00]_0.000] 0.00) 000 0.000] 0.000 0.000 0.00] 0.000
SECOND ORDER 9.978 0.18 0.18] 0.002 0.18 0.18]  0.002]  0.002|FIRST ORDER 10.000 0.18] _0.002
INELASTIC 19.911 0.36 0.36] _0.004 0.36 036 0.004]  0.004]INELASTIC 20.000 0.36] __0.005
ANALYSIS 34.729 0.63 0.63] 0.008 0.63 063 0.008] o0.008|ANALYSIS 35.000 063 0.008
56.771 1.04 103 0013 1.04 103 o013 0013 57.500 104] 0013
89.375 1.65 1.62] 0020 1.65 162] 0020 0020 91.152 165 __0.021
(1t hinge at C) 2.58 250 0.031 2.58 250 0.031]  0.03]] 129.262 257] 0032
138.081 3.12 3.00] 0.037 3.10) 299 0.037] 0.037 153.087 3.98] 0050
142.460) 3.42 3.28] _0.041 3.40 3.26]  0.041] 0.041 156.453 4.33] 0054
147.831 3.87 3.69] 0.046 3.85 3.67]  0.046]  0.046 159.125 4.68] 0059
153.694] 4.54 4.30]0.054) 4.52 427 0053] 0.054 161.846 521 0.065
157.980) 5.56 520 _0.065 551 516]  0.064]  0.065 162.981 550] _0.069
158.569) 581 542 0.068 5.76 538] _ 0.067] _ 0.067 164.335 5.95] _0.074
150.069) 6.07 5.64] 0.070 6.01 559  0.070]  0.070 166.217 6.62] 0.083
150.778) 6.45) 597 0.075 6.39) 5901 o.o74] 0.074 168.510 7.63] 0095
160.706| 7.02 6.46] 0.081 6.95 639 o0.080] 0.080 170.315 9.15] _0.114
161.275) 7.89 7.18] _0.090 7.80 710 0.089] 0.089 170.784] ___10.01] 0125
161.282 9.19) 824 0.103 9.07 815 0.02] 0.102 170.993] 1049 0131
171.045]  11.21] 0.140
171123  12.29] 0.154
171240  13.92] 0.174
171.368] _ 16.35] 0.204
171431 2001 0.250
Table [D-T10] ABAQUS test of 0.6rigidspan frame
KEMPSP1(A) "% B BI X c cl Xc X ave w | X
ABAQUS (kN) (mm) | (mm) (mm) | (mm) (kN) (mm)
0.000) 0.00) 0.00]_0.000] 0.00) 000 0.000] 0.000 0.000 0.00] 0.000
SECOND ORDER 0.100 0.03 0.03] 0.000 0.03 003 0.000]  0.000|FIRST ORDER 0.100 0.03] _0.000
INELASTIC 0.200 0.06) 0.06] _0.001] 0.06) 0.06] _o.00i] o.001|iNELASTIC 0.200 0.06] _0.001
ANALYSIS 0.350, 0.11] 0.11] 0.001] 0.11] 0.11] o001 o.001|ANALYSIS 0.350 011 0.001
0.574 0.18 0.18] 0.002 0.17 017 0002 0002 0575 0.18] _0.002
0.910 0.28 0.28]0.003 0.28) 028 0003] 0.003 0.913 0.28] 0.003
1.414 0.4 0.43]0.005] 0.43 043 0.005] 0.005 1.419 043 0.005
2.166, 0.67 0.66] 0.008 0.66 065 0.008] 0.008 2.178 0.66] _0.008
3.289 1.02 101 o0.013 1.01] 099 o012 0.013 3.317 101 0.013
4.961) 1.56) 153 0.010 152 149 0.019]  0.019 5.026 153[  0.019)
(1st hinge at C) 1.87 1.82] 0.023 1.81 177 0022] 0022 5.972 1.83[ 0.023
6.801 2.38 231 0.020 2.31] 225 0.028]  0.029 6.888 2.33] 0029
7.326 2.94) 2.84] 0035 2.85] 276 0.034]  0.035 7.670 3.16] 0039
7.747 352 3.37] 0042 3.41 327 o041 0042 8.153 3.99] _0.050
8.017 4.10 3.90] 0.049 3.96) 377] 0.047]  0.048 8.439 4.80] _0.060
8.202 4.66) 4.40]0.055) 450 4.26]  0.053] 0.054 8.500 4.99] 0062
8.361, 5.21 2.89] 0.061] 5.02 472 0.059]  0.060 8.585 529] _0.066
8.558 6.04 561 0.070 5.78 539  0.067]  0.069 8.705 572 0072
8.604 6.24) 579 0.072 5.97 556  0.069]  0.074] 8.868 6.37] 0.080
8.646, 6.45 597] 0.075 6.16 572 o.o072] 0073 9.095 7.34]_0.092
8.708 6.76) 6.23] 0.078 6.45) 597 0.075|  0.076 9.351 8.79] 0.110
8.799 7.22 6.62] 0.083 6.87 633 0.079]  0.08]] 9.415 9.60] 0.121
8.932 7.92 7.20]_0.090 7.50 6.86]  0.086] 0.088 9444 11.04] 0138
9.030 9.06) 8.14]  0.102 8.55 773 ___0.097] _ 0.099) 9.486] _ 13.05] 0.163

Table [D-T11] ABAQUS test of kempspl(a) frame
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APPENDIX D ABAQUS FRAME TEST DATA

KEMPSP1(B) "% B BI Xg c cl Xc X ave w | X
ABAQUS | (kN) | (mm) | (mm) (mm) | (mm) kN) | (mm)
0.000 0.00 0.00] 0.000 0.00 0.00 0.000 0.000 0.000 0.00] 0.000]
SECOND ORDER 0.100 0.16 0.16] 0.002 0.16 0.16 0.002] 0.002|FIRST ORDER 0.100 0.16 0.002]
INELASTIC 0.199 0.33 0.32] 0.004 0.32 0.32 0.004; 0.004{INELASTIC 0.200 0.32] 0.004]
ANALYSIS 0.348 0.57 0.57, 0.007, 0.57, 0.56 0.007] 0.007JANALYSIS 0.350 0.57 0.007]
0.570 0.94 0.93] 0.012 0.93 0.92 0.011] 0.012] 0.575 0.93] 0.012]
0.901 1.50] 1.48| 0.018 1.48] 1.45] 0.018] 0.018] 0.913 1.48 0.018]
1.391] 2.36] 2.29] 0.029 2.29] 2.23] 0.028] 0.028] 1.419 2.30 0.029]
2.109] 3.68] 3.51] 0.044 3.52] 3.37] 0.042] 0.043] 2171 3.53] 0.044
2.426] 4.48 4.24]  0.053 4.26 4.05 0.051] 0.052] 2.208 3.60 0.045
2.429] 4.49 4.25| 0.053 4.27 4.06 0.051] 0.052] 2.262 3.70 0.046
2.433] 4.50 4.26] 0.053 4.29 4.07 0.051] 0.052] 2.342 3.85] 0.048|
2.437 4.52 4.28] 0.054 4.31 4.09 0.051] 0.052] 2.436 4.10 0.051]
2.445) 4.55 4.31] 0.054 4.33 4.11 0.051] 0.053] 2.455 4.16] 0.052
2.453] 4.60 4.35] 0.054 4.38 4.15 0.052] 0.053] 2.474 4.22 0.053]
(1st hinge at C) 4.67 4.41] 0.055 4.44] 4.21 0.053] 0.054 2.496 4.32 0.054]
2.483] 4.78 4.51] 0.056 4.54 4.30 0.054 0.055] 2.525 4.47] 0.056
2.509] 4.94 4.65| 0.058 4.69 4.43 0.055] 0.057] 2.569 4.70 0.059
2.548| 5.18| 4.86] 0.061 4.92 4.63 0.058] 0.059] 2.633 5.04 0.063]
2.606 5.54] 5.18| 0.065 5.26 4.93 0.062] 0.063] 2.727 5.56] 0.069]
2.689] 6.09] 5.66] 0.071 5.77 5.38] 0.067] 0.069| 2.854 6.34 0.079]
2.796] 6.92 6.37| 0.080 6.54] 6.04] 0.076] 0.078] 2.990 7.52] 0.094]
2.845] 7.39] 6.77] 0.085 6.97 6.41] 0.080 0.082] 3.124 9.28] 0.116]
2.870] 7.66 6.99] 0.087 7.22 6.62 0.083] 0.085] 3.148 9.71] 0.121]
2.903] 8.06 7.32| 0.092 7.59] 6.94] 0.087] 0.089 3.171 10.13 0.127
2.950] 8.66 7.82| 0.098 8.15 7.39] 0.092] 0.095] 3.183 10.38 0.130]
3.003 9.56 8.54| 0.107 8.96 8.06 0.101] 0.104] 3.199 10.74 0.134]
3.026 10.05] 8.93] 0.112 9.40] 8.41] 0.105] 0.108] 3.224 11.28 0.141]
3.057, 10.80] 9.51 0.119 10.06 8.94 0.112] 0.115] 3.259 12.10 0.151]
3.094] 11.92] 10.37] 0.130 11.05] 9.71] 0.121] 0.126] 3.311 13.32 0.166
3.147] 13.61] 11.63] 0.145 12.52] 10.83] 0.135] 0.140] 3.387 15.11 0.189]
3.212] 16.23] 13.49] 0.169 14.76] 12.46] 0.156 0.162] 3.455 17.75 0.222]
3.227] 20.51] 16.32| 0.204 18.52] 15.04] 0.188] 0.196] 3.503 20.37] 0.255]
3.526 23.77] 0.297]
3.531 26.93] 0.337
Table [D-T12] ABAQUS test of kempspl(b) frame
KEMPSP1(C) W 3 - X - - Xc X ave w | X
ABAQUS (kN) (mm) | (mm) (mm) | (mm) (kN) (mm)
0.000 0.00 0.00] 0.000 0.00 0.00 0.000 0.000 0.000 0.00| 0.000
SECOND ORDER 0.099 0.99 0.98 0.012 0.98 0.97, 0.012] 0.012]FIRST ORDER 0.100 0.98 0.012]
INELASTIC 0.197 2.01] 1.96 0.024 1.96 1.91 0.024] 0.024]INELASTIC 0.200 1.96 0.025
ANALYSIS 0.340 3.57] 3.42] 0.043 3.42] 3.28] 0.041] 0.042JANALYSIS 0.350 3.43] 0.043]
0.544 6.01] 5.59] 0.070 5.64] 5.27| 0.066 0.068] 0.569 5.66 0.071]
(1st hinge at C) 7.59] 6.93] 0.087 7.06] 6.49| 0.081] 0.084 0.632 7.15 0.089]
0.648 9.26 8.30] 0.104 8.57] 7.74] 0.097] 0.100] 0.644 7.53] 0.094]
0.680 10.97] 9.64| 0.121 10.11] 8.97] 0.112] 0.116] 0.655 7.91] 0.099]
0.702 12.70] 10.96] 0.137 11.66] 10.18] 0.127] 0.132] 0.672 8.49 0.106
0.725 15.26] 12.82] 0.160 13.89] 11.84] 0.148] 0.154] 0.695 9.37 0.117]
0.738 17.81] 14.57] 0.182 16.03] 13.36 0.167| 0.175] 0.722 10.70 0.134)
0.750 20.38] 16.25] 0.203 18.14] 14.78] 0.185] 0.194] 0.750 12.68 0.159]
0.761 23.00] 17.87] 0.223 20.24] 16.15] 0.202] 0.213] 0.761 13.77 0.172
0.763 25.79] 19.50] 0.244 22.56 17.59] 0.220) 0.232] 0.775 15.38 0.192
0.00] 0.000 0.00 0.000 0.000 0.782 16.29 0.204]
0.00f 0.000 0.00 0.000] 0.000 0.792 17.66 0.221]
0.00f 0.000 0.00 0.000] 0.000 0.806 19.70 0.246
0.00] 0.000 0.00 0.000 0.000 0.827 22.67| 0.283]
0.00f 0.000 0.00 0.000] 0.000] 0.837 24.25] 0.303]
0.00f 0.000 0.00 0.000] 0.000] 0.844 26.83] 0.335
0.00] 0.000 0.00 0.000 0.000 0.854 30.63] 0.383]
0.00f 0.000 0.00 0.000 0.000 0.857 33.19] 0.415]
0.00[  0.000 0.00 0.000 0.000 0.858 36.90] 0.461

Table [D-T13] ABAQUS test of kempspl(c) frame
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