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ABSTRACT (P B HIRST)

Buckling behaviour of slender structural elements under
interactive axial static and cyclic loading

The objective of the research programme has been to investigate
the effects of pre-buckling 1low frequency inelastic cyclic
hysteresis upon a range of imperfection sensitive circular hollow
section struts. The programme has involved experimental and
theoretical studies and computer graphics are widely employed
throughout. The subject matter is introduced from a variety of
perspectives, phenomenological,  Thistorical, theoretical and
experimental in Chapter 1, together with an appreciation of the
role of the digital computer within the research programme.
Experimental factors are initially presented in Chapter 2 whilst
the formal testing programme is described in Chapter 3. Original
findings are definitively set out in Sections 3.3 and 3.7 wherein
the concept of the ‘'cyclic step' 1is first introduced, the
remaining sections in the chapter providing the necessary
supporting data.

Theoretical studies are reported in Chapter 4 with the mnovel
moment—thrust—curvature modelling described in Sections 4.2 and
4.3 being of central importance. This modelling enables the
formulation of a predictive cyclic strut "~system effectively
requiring of the end wuser the solution of only a pair of
simultaneous equations and yet capable of providing data trends
consistent with the experimental findings. "

Design interpretation together with an overview of the
experimental and theoretical studies and their interrelationship
are set out in Chapter 5. A practical design procedure oriented
about the effect of a pre-buckling cyclic action phase upon
otherwise static strut performance is delineated and an
appropriate design chart is provided.

Conclusions are drawn with respect to the primary research
findings in Chapter 6 wherein suggestions are also made regarding
possible further studies. An Appendix is included providing the
bibliography, nomenclature and respective published work; selected
supporting documentation is also presented.

(xv)



CHAPTER 1
INITIAL CONSIDERATIONS
1.1 INTRODUCTION

Basic static structural analysis employs 1linear systems theory
which prescribes the deformations to be indefinitely small and the
constitutive properties to be of linear form. However, current
structural design practice is increasingly concerned with the
limit state concept(l) whereby these conditions, particularly the
latter, are subject to revision. Consequently, inelastic
behaviour is of mnotable interest in bridging between linear
(elastic) and limit (plastic) states. Further, current trends are
towards the employment of slender structural elements, with
emphasis on economic strength-to-weight ratios. This, in turn,
leads to increased importance being attached to stability
considerations which necessarily involve some measure of regard
being given to finite deformations and, crucially, incorporation

of initial imperfection effects(2),

Accepting that no service load is truly static(3), and given that
there exists a wide range of dynamic configurations, then the
incorporation of dymamic action in nominally static analyses also
réquires careful consideration. Severe dynamic action generates
inertial forces(h) whilst resonance(s), a singular phenomenon
involving the structure's natural frequency, is of major

importance in the design of structures subject to vibration.



Given the prevention of rigid body motion in static systems, then
eséentially static studies which involve some dynamic modelling
are primarily concerned with vibration or cyclic considerations.
Vibrations can bé of free or forced excitation forms(6).
Regarding free vibration modes, which  relate to impulse or
transient disturbing forces, the presence of damping effects
generally assures a diminishing dynamic response. Conversely,
forced vibration involves continually applied action, generally
cyclic in nature, in which the vibration profiles may be of known,
that is deterministic, configuration or otherwise(7), For 1low
frequency action, inertial effects are minimal(s), permitting
some correlation betwéen vibrational effects and static studies
involving incremental plasticity shakedown and alternating
plasticity(g’lo). Fatigue failure must be considered, of course,
although its importance diminishes in cases involving relatively

few cycles (£10%) and the absence of net tension.

Given the foregoing and the recommendations of recent studies
delineating research needs(ll’lz), the present work relates to the
effects of pre-buckling low frequency inelastic cyclic hysteresis
upon a range of imperfection-sensitive circular hollow section
(CHS) struts. Whilst there exists substantial data relating to
the effects of fully reversed cyclic loading upon axially loaded
structural elements(13‘21), little investigation appears to have
been undertaken with respect to the effect of a pre-buckling
cyclic 1loading phase upon the otherwise static strut buckling
performance(zz). This would seem somewhat arbitrary given the

importance of imperfections upon strut behaviour and the



possibility of interaction Dbetween inelastic hysteresis and
imperfection sensiti§ity. Accordingly, amplification of the
effects of any initial imperfection due to pre-buckling cyclic
action is considered together with its concomitant effects upon

load carrying capacity and serviceability.
1.2  BASIC STRUCTURAL INSTABILITY

Within the field of elastostafics(23), idealised structural
behaviour can be typified by recourse to the stub and slender
axial compression systems illustrated in Fig 1.1(a) and (b)
respectively. As action parameter P, equivalent to the axial
force in the respective member, is uniformly increased, the
primary response parameter, axial deformation u, represented
herein by the overall axial shortening u,, correspondingly
increases. For systems involving linear constitutive properties
and indefinitely small deformations, ua=P2/AE, where £ 1is the
length, A is the cross-sectional area and E is the direct modulus
of the member. The governing action-response locus is of linear
form as depicted in Fig 1.1(c). All structural response
parameters, including axial stress for example, afford a
corresponding behavioural pattern. The axial or direct stress
generated in the member is given by o3=P/A. System linearity
ceases with the onset of either constitutive non-linearity, that
is the onset of yield in ductile steel structures for example, or
finite deformations which, with regard to the purely axial system
herein, refers to the state at which the induced change in

cross-sectional area becomes significant. In terms of flexural
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system behaviour, of particular relevance to the 1later work,
finite deformations are typified by slopes exceeding 0.1

radians(24),

In ‘conjunction with the  above, idealised elasto-plastic
constitutive behaviour, as associated with mild steels (eg grade
43), is typified in Fig 1.1(d). Stress-strain behaviour is
therefore 1linear for dﬁg&. Actual constitutive loci are derived

from tensile(25) or stub tests(26),

Consider now the introduction of some relatively small, transient,
lateral interference force Q into each of the foregoing idealised
axial compression systems in the manner denoted in Fig 1.2(a) and
(b), by means of which the systems concerned become only quasi-
idealised compression systems. The respective responses of the
stub and slender systems become quite distinct. The behaviour of
the former is effectively wunchanged, whilst the latter will
undergo (elastic) instability. The study of instability(27,28)
relates to systems which experience a singular and sudden change
in structural response despite the action parameter being only
gradually and uniformly increased. The fundamental nature of
instability studies can be <classified in terms of Thom's

Catastrophe Theory(zg).

Elastic instability can thereby be typified by reference to the
slender compression system depicted in Fig 1.2(b). Noting the
presence of the relatively small, transient force Q, then, as the

action parameter P is gradually increased, axial response in terms
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of u, is again exhibited. However, at some singular or critical
loading state Po, a sudden change in structural response is
observed; flexural deformation, represented by the central
(mid-span) and maximum transverse deflection parameter w., is
statically incurred. Further, a flexurally induced axial end-
shortening uf is set up. That is, an apparently axial system is
replaced by a predominantly flexural system at, and beyond, a
singular state associated with compression Pg,. The system
typified in Fig 1.2(b) thereby suffers strut buckling action which
onsets at Pe=ﬂ2EA/(2/r)2 (30) with r denoting the minimum radius
of gyration - note Fig 1.2(c). The degree of slenderness,
assessed in terms of the so-called slenderness ratio, &/r, is
clearly of importance with regard to the possible onset of
flexural behaviour. In 1linearised terms, that is assuming
relatively small deformations, the critical load P, represents the
limiting load carrying capacity of the member. Experimentation
has shown that such wmembers can sustain loads higher than the
critical or conceptual buckling load P,, the necessary modelling
requiring a finite deformation study - the 'Elastica'(31). The
appropriate behavioural locus is included im Fig 1.2(c). Within
the linear elastic constitutive range, the overall end-shortening
now takes the form
Lo,
ug +uf = %%*%ngg)dx for P > Pe (1.1)
(9]

whilst the appropriate maximum stress induced in the wmember oy,

obﬂp&, can be represented by



0m==P/A + Puc/Z for P > P, (1.2)

where Pw, is the maximum bending moment and Z is the elastic
modulus of the member. For completeness, it is useful to note
that for roundhouse constitutive 1loci, as associated with
aluminium alloys or mild steel suffering substantial residual
stress effects(32’33), the critical load can be expressed in terms
of a tangent modulus E; or as a reduced derivative(34) - npote

Fig 1.1(d).

The foregoing slender strut analysis requires the incorporation of
the ill-defined transient parameter Q; such analyses are tﬁereby
deemed to be quasi-idealised. Iq practice, physical imperfections
in the structural system are unavoidable and prompt flexural
response, note Eqns (1.1) and (1.2), for P>0; Q conceptually
serves to represent this fact. Physical imperfections can be
classified into three major groups; initial curvature, eccentric

loading and residual stresses(1),

Accordingly, Fig 1.3 illustrates a strut suffering an initial
central deflection, w,.. Assuming a sympathetic initial profile,

Wo=Woesin(mx/2), then the response, in linearised. terms, is given

by( 35)

1

we= Woc(1"(P/Pe))— (1.3)

This behaviour can be typified by imperfection locus 1 depicted in

Fig 1.2(c), where the maximum load converges to the asymptote, Pg.



In13g paaan) A1reIaTul ¢ €°) 2andty

T - ' IngBn

/

(3 /¥L)urs 0m="0n M

£31p181a TRANXAIF = T4

(¥/xL)utrs on="m



Similar treatment can be instituted for the other types of
imperfection either by direct analysis or by employing some
effectively equivalent w,. in Eqn (1.3)(1). More formally, and
subject to the availability of a suitable yield strength,
employment of a finite deformation study can lead to imperfection
loci of type 2 form as shown in Fig 1.2(c). Loci 1 and 2 both
involve 1linear elastic constitutive properties being extant
throughout the 1loading process. ihe theoretical load carrying
capacity is effectively unaffected by the incorporation of w,..
Such behaviour is classified as being imperfection insensitive.
However, in practical terms, loci of type 3 as depicted in Fig 1.2
(c) are generally incurred in which the linear elastic limit\or
yield stress 1is breached below P,, with flexurally inelastic
response governing system behaviour where the maximum induced
strain Em>€y. This results in the institution of a maximum load
Po, which is termed the crippling or buckling load, where P.<P,.
The magnitude of P. is dependent upon the initial imperfections
(eg woe) and the yield stress Oy - This form of strut behaviour is
therefore deemed to be inelastically imperfection sensitive(3),

The inclusion of an initially curved strut profile, as illustrated
in Fig 1.3, together with the elastic limit state or first yield
criterion, forms the basis of the Perry formula(33). Its
subsequent derivative, employed in the current strut or column
design code of practice BS 5950(36), is given by

-1

2
Pp = PePS PS+(T]+1)Pe + Ps+ (T]+1)Pe) - PePS i (1.4)
x A% 2A 2A A

10



with Pp and Pg denoting the unfactored design and squash (yield)
loads respectively, where PS=G§A. The empirically based Perry

factor n is determined by
N=0,001ap(A-2y) Ao=o.2(n’n) (1.5)

where A and )\, denote the slenderness and limiting slenderness
ratios respectively. The Robertson constant a, is assigned
prescribed values according to the cross-sectional configuration
and testifies to the employment of multiple column curves. For
hot rolled and finished CﬁS struts, which are of primary concern
herein, ay,=2. The necessarily empirical basis for n is due to the
essentially statistical mnature of practical strut performance,
given both the highly variable and  ill-defined form of strut

imperfections.

Fig 1.4 graphically illustrates the appropriate design curve
relating to hot and finished rolled CHS struts, together with the
elastic critical (Euler) and yield 1loci. The ordinate is
normalised to the squash load Pg, and the abscissa is evaluated in

terms of the modified slendermess ratio AmaAAA1(35) such that

M =Mh= 2/t = (0,/0)% = /r (oy/n)} (1.6)
T(E/oy)

with A1 denoting the value of ) at the state Pg=P,. This takes

explicit account of the respective constitutive properties and

provides for normalised abscissa values. Also indicated in the

figure is the classification of imperfection sensitivity by
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slenderness(37), with extreme imperfection sensitivity occurring

at /\//\1=1 .

General inelastic strut behaviour is of complex form, and its
treatment is considered at length in the ensuing study. Effort
has been centred about the quified slenderness ratio of unity,
important because of its service practicality and imperfection

sensitivity.
1.3 STRUT BUCKLING - HISTORICAL RESUME

The study of structural systems can be said to begin in earnest
with the Egyptians, surely the first culture to institute
structural forms on a large scale. Developments through Grecian
and Roman studies ebbed with the onset of the Dark Ages and
scientific thought only re-emerged with the Renaissance. Da Vinci
(1452-1519) considered the basic philosophy of the equilibrium of
fgrces, this being typified in his quote 'Mechanics 1is the
paradise of mathematical science, because here we come to the
fruits of mathematics’'. Amongst his many achievements was his

experimental work on columns(38),

Key developments in the seventeenth century may be concisely
represented by the definition of elasticity by Hooke, the
introduction of the principles of ‘'infinitesimal' calculus by

Leibnitz and Newton, and, of course, Newton's Laws of Motion.

The study of structural instability proper was initiated in the

13



eighteenth century by Euler (1707-1783). Employing the
'infinitesimal' calculus he provided an analysis and solution to
the prbblem of the Elastica, determining the critical load of the
strut under quasi-ideal conditions and subject to linear elastic
constitutive properties. Euler also extended the associated
theory of moment-curvature and propounded the condition of small
or indefinitely small deformations. The original formal concepts
of first order linear structural theory were introduced by Young

(1773-1829).

The nineteenth century saw a dramatic expansion in the study of
mechanics. Particular interest centred on the work of Rankine,
who, in 1858, presented a semi-empirical formula that predicted
the crippling state of struts for a wide range of slenderness
ratios. 1In 1886, the semi-empirical Perry Formula was introduced.
An important step, this formula has formed a basis for column

design through this century.

Robertson published results from an extensive series of steel.
column tests in 1925 and, on the basis of these tests, developed
the applicability of Perry's work by proposing an improved value
for the empirical imperfection constant N in Perry's formula(33),
It is to be noted that Perry originally attempted to define,
albeit on an empirical basis, the limiting elastic or first yield
state despite involving the statistically necessary employment of
a load factor approach to design. This useful revision led to the
Perry-Robertson formula being adopted in British practice. In

1929, the Steel Structures Research Committee was set up under one
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of the earliest cooperétive ventures between British industry and
the Government Department of Science and Industrial Research(39),
This committee was responsible for introducing the first edition
of BS 449 in 1931. This standard, suitably revised, served until
the publication in 1985 of the current code of practice, which
employs 1limit state philosophy, BS 5950. Herein, the Perry
formula has been modified in line with a study commissioned by the
European Convention of Constructional Steelwork (ECCS). As a
result, a set of design loci or multiple column-strength curves
are provided which account for the influence of both
cross—-sectional geometry and fabrication methods on strut

performance.

The field of inelastic strut buckling, with which the present
study is intimately concerned, has received considerable
attention, the first notable contribution being from Considére in
1889. He indicated the 1limited applicability of the Euler
analysis, notwithstanding Euler's own intuitive understanding of
the process of inelastic buckling(4o). Supported by experimental
evidence, Considére proposed a modified inelastic Euler
formulation employing a reduced tangent modulus, whose value he
qualified as being intermediate between the direct (Young's) and
tangent moduli. A contemporary study by Engesser(AO), whilst
being independent of Considére's contribution, led to the now well
established tangent modulus formula. In 1895, Jasinski brought
Considére's work to the attention of Engesser, who produced a
general reduced tangent modulus approach. In 1910, K&rman

developed this generalised approach in deriving explicit
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expressions for the reduced tangent moduli of certain standard
structural cross—sections. For the 35 years following Kérmén'é
work, controversy surrounded the relative merits of the tangent
and reduced moduli. In 1946, Shanley reconciled this discord with
-a rational explanation of the phenomenon in favour of the tangent
modulus approach. A year later he validated this theory by the

analysis of a buckling model that has become eponymous with him(41)

More generally, with the twentieth came the development of a
variety of refined analytical principles, .together with an
attendant improvement in the quality of experimental techniﬁues.
Further, the relatively recent advent of the electronic digital
computer has had a dramatic impact wupon both analytical and
experimental studies. Modern computers are capable of undertaking
algorithmic computations at phenomenal speed and facilitate the
storage of vast amounts of data in a readily accessible manner.
Since the advent of the first computer, ENSIAC, constructed in
1948 in the USA, engineering analysis and experimental techniques
have in turn developed to take advantage of the digital computer's
attributes. Given the highly variable, statistical nature of
strut behaviour, these factors are of particular relevance to the

research programme herein discussed.
1.4  BASIC THEORETICAL MODELLING
The representative spring-link model illustrated in Fig 1.5

consists of two rigid and incompressible links, connected by a

centrally located torsional spring of stiffness ¢ - this is a
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Figure 1.6 ; Imperfect Spring Link Model
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constant for linearly constitutive systems. Such models afford
considerable computational amenability. The spring represents the
flexural stiffness of the model in discretised terms. The
response moment M, due to the rotation of the spring, is given by
M=2c9(3), where ©, the angular link displacement, is the single
kinematic generalised coordinate in this 1 degree-of-freedom
system.  Presently, c=2EI/% in accordance with linear elastic
constitutive properties. The spring-link topology is taken to be
initially straight and the attendant analysis 1is thereby of

quasi-idealised form.

Employing a potential energy approach(35), then, with V denoting

the total potential energy of the system,

V=U-W (1.7)
where U and W are the strain energy and external work functions
respectively. These functions may be derived explicitly in terms

of 8, such that Eqn (1.7) becomes

vV = 2c62 - PL(1-cosB) (1.8)

The condition that V is stationmary with respect to 6 for static

equilibrium affords

oV/36 = 4cH - PLsinb =0 (1.9)
Eqn (1.9) can be satisfied either with ©=0 throughout all P, which
forms a flexurally trivial solution, or with

P =4cB/2sind _ (1.10)
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Linearising (1.10), such that 6/sin®=1 for small displacements of

0, affords the critical load

— - 2
Pe = ho/% = BEI/L (1.1

with (GIPe=0). Accordingly, the quasi-idealised post—buckling

equilibrium path (6>0) is given by

P=P.0/ sinb (1.12)

To establish the nature of the stability of the pre- and post-
buckling loci, the second differential of V with respect to 6 is

sought(3), whereby

9°v/36% = 4c - PLcos® (1.13)
noting that maximum V (82V/362<0) and minimum V (32V/362>0) are
associated with unstable, © |p¢ P.=0, and stable elp> pe#O,
equilibrium respectively.

If an imperfect initial profile is introduced into the former
idealised model as illustrated in Fig 1.6, which is analogous to
the initial curvature profile depicted in Fig 1.3, then V becomes

2

V=2c(6-8,) +PL(cosb-cosby,) (1.14)
with the equilibrium condition

oV/38 = 4c(6-6,) - Psin® = 0 (1.15)
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affording

P =4c(6-6,) /2sink (1.16)

Normalising the loading to its critical value

P/Pe=(6-05)./ sinb (1.17)

The locus given by this expression is typically represented by the
imperfection locus illustrated in Fig 1.7; also shown are the

equilibrium loci of the former quasi-idealised analysis.

Spring—link models can provide quantitatively representative data
at low computational cost. This is particularly attractive when
considering more complex inelastic studies and further use of
the spring-link procedure is made in the ensuing theoretical

work.
1.5 EXPERIMENTAL CONSIDERATIONS

Given the previously denoted statistical nature of inelastic strut
performance, then experimentation and empiricism suitably form a
ma jor part of the research programme. Associated with this, the
actual establishment of an accurate large scale testing system
formed an integral part of this programme during the early stages

of the study. Wherever applicable, the necessary compliance with
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British Standards Codes of Practice was ensured; in aspects of the
work mnot covered by these codes, recommendations from established

literature sources in the field were sought(26).

The experimental system was based on a Schenck 250 tonne servo- .
hydraulic stiff column testing machine, possessing over 3m of
available 'daylight'. Stroke or axial displacement control was
employed, providing for static post-buckling path definition.
Cyclic loading capability was made available through an in-board
function generator. CHS steel strut specimens were chosen for
testing purposes. A doubly encastré configuration was considered
to afford the most readily definable form of boundary conditions.
Such configurations afford a common effective length (2=L/2) in
both the elastic and inelastic material ranges(42). Further,
using circular sections should, given a sufficiently large number
of tests, enable a check to be made upon specimen behaviour being
machine independent. That is, the testing machine must not
prejudice the buckling path direction response of the strut, there
being no preferred failure direction (weak axis) resulting from
the geometry of the specimen cross-section. Specimen geometry was
to be based on )\p values of about unity, the nominal strut lengths

thereby being between 2.2m and 3.0m.

Material support from the tubes division (Corby) of the British
Steel Corporation led to the provision of 7.5m runs of CHS
electric-weld stretch reduced (EWSR) grade 43C steel; these
sections are stress relieved. Two strut specimens were cut from

each run, one being tested statically, the other being additionally
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subjected to cyclic loading phase, thereby affording some degree
of specific static/cyclic strut performance correlation to be
made. Such correspondence is limited by imperfection variability,
however; if the static strut is substantially more imperfect,
correlation of performance is greatly reduced. Consequently, the
large number of tests is again important to statistically provide
for a sufficient degree of correlation. Further, employing
offcuts, a stub test(26) was performed for each strut experiment
undertaken to determine individual specimen constitutive data.
Geometric properties of individual cross-sections were obtained by
recording the relevant measurements. Datum out-of-straightness
measurements were undertaken for each strut prior to actual
testing whilst wall thickness and outer diameter measurements were
employed for ovality and eccentricity of loading assessment(43),
Residual stresses were not explicitly considered in view of their
relative unimportance in the (stréss relieved) sections employed
herein(33), It is considered that such individual specimen

assessment assists in accurate exXperimentation.

The Schenck column testing rig was adapted and developed through
the earlier part of the research programmev to accommodate the
various types of testing denoted above - static strut, cyclic
strut, stub and initial curvature tests. These developments were
undertaken as part of the general enhancement of the basic testing
system which also involved substantial digital computer provision.
This provision resulted in considerable improvements in system
accuracy, repeatability, control, 'turnround' time and safety;

convenient manipulation of the large data sets generated was also
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provided. Various types of computing facility were employed,
depending on the particular requirements involved. This feature

is further discussed in the following section.

Additionally, a supplementary set of tensile tests were carried
out to provide for control on the stub data. These tests were
conducted on an Avery 7110 universal testing machine which

provided for tensile testing to BS 18, Part 4(25),
1.6 DIGITAL COMPUTER INCORPORATION

The experimental phase of the research programme was heavily
influenced by the capabilities of modern computing equipment. The
enhancement of the Dbasic testing facility, whereby diverse
computing systems were interfaced with the Schenck testing
machine, led to improvements in both the quality and production of
experimental data, as denoted in the foregoing section. The
enhanced computer governed testing facility involved micro, mini
and mainframe computers, yhich were employed in the control, data
monitoring/acquisition and graphical parametric output phases
respectively. The RML380Z microcomputer afforded a '10-bit' DAC
(digital-to-analogue converter) and ADC control unit whilst the
PDP1104(DEC) 16-bit minicomputer provided for high speed accurate
data recording. The IBM4341 mainframe computer supplied both high
resolution graphics software support, together with substantial

and readily accessible data storage facilities.

In addition to interfacing the testing machine with both the micro
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and wminicomputers, the micro was further interfaced with the mini

and mainframe systems for data transfer purposes.

All drive, monitor and data reduction software was developed
in-house. The BASIC language was used for the smalle; computers,
whilst 32/64-bit (per byte) FORTRAN/GINO programming was employed
on the mainframe. The inelastic theoretical studies undertaken in
support of the experimental programme were also implemented on the
mainframe computer. This was coﬁsidered necessary given the

highly non-linear nature of the expressions involved.

1.7 SUMMARY

The history and nature of strut stability studies have been
identified. The important role of imperfections has been set out,
particularly with regard to struts possessing industrially
relevant slenderness ratios (\p=1). Attempts to model the complex
inelastic behaviour of these common structural elements should pay
due regard to the requirements of design engineers in practice.
Accordingly, a spring-link modelling procedure which provides for

computationally amenable expressions has been introduced.

Given that the objective of the programme is to determine the
otherwise static behaviour of an inelastically imperfection
sensitive strut subject to a pre-buckling cyclic loading phase,
the need for substantial experimental study has been identified
and discussed. Testing at 1large scale is demanded if direct

definition of the effects of 1mperfections are to be made
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available.
throughout
programme.

associated

Incorporation of the digital computer is to be made
the experimental and theoretical phases of the research
The following chapter sets out the preliminary factors

with the experimentation.
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CHAPTER 2

THE ESTABLISHMENT OF A LARGE SCALE STRUT TESTING SYSTEM

2.1 INTRODUCTION

Experimentation and empiricism, employing a suitably large number
of tests, are of particular importance with regard to the study of
inelastic strut behaviour(l).‘ This is due to the sensitivity
displayed with respect to the presence of imperfections; the
substantial scatter of the data accompanying strut testing is
well-established(44), Indeed, most recent studies on design
criteria are concerned with the probabilistic basis of the
parameters involved(34), Accordingly, considerable effort has
been taken in the present programme to ensure high quality
experimentation, with the substantial number of large scale tests

involved being a particular feature.

The fulcrum of the compression testing system employed in the
experimental studies was a +5 volt Schenck 250 tonne column
testing machine. This was employed for the stub and strut
compression tests and initial out-of-straightness monitoring of
the strut specimens. A number of supporting tensile tests were to
be undertaken on an Avery testing machine, with geometric data
obtained from metrology studies completing the experimental

programme.

An integral part of this programme was concerned with enhancement
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of the Schenck - machine for reasons of accuracy, test
repeatability, fine control, turnround time and safety. of
particular interest was the incorporation of digital computer
control and monitoring which enabled fully automatic
'exéerimentation and generation of graphical/numerical output data
of high (digital) resolution. Concurrent with this enhancement
was a preliminary series of strut and stub tests undertaken for
purposes of testing system validation; these two activities formed
the first phase of the experimental programme and are discussed in

the following.
2.2 INITIAL SCHENCK CONFIGURATION

The basic Schenck facility essentially consisted of a stiff
mechanical rig, RV-10 servo controller and hydraulic power pack.
The machine cross-head was adjustable on twin threaded columns;
the actuator was located at the base, where the compressive
loading, under axial stroke (displacement) control was applied.
This form of 'loading' control enables identification of the
post-buckling path. Machine 'daylight' provision allowed for over
3m vertical clearance and 0.6m lateral clearance in the plane of
the columns; there was no effective restriction in the third
dimension. The testing machine was of servo-hydraulic form with
the electronic (analogue) commands of the RV-10 servo controller
governing the power pack's delivery of high pressure hydraulic oil
to the actuator. Equivalence of the controller's signal with that
fed back from the Schenck inboard transducer was indicative of the

required incremental axial displacement being achieved. Cyclic
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action was provided for by means of a function generator in the
RV-10 controller. Axial 1load was determined from an inboard

2500kN load cell.

Plate 1 shows the Schenck mechanical rig being employed in its
pre—enhancement or basic form. The specimen involved is a 50mm by
3.2mm SHS - ©both SHS and CHS specimens were used in the
preliminary tests - with encastré conditions being established
using end caps bolted to the upper and lower plattens, bond
between these caps and the ends of the strut being achieved by the
use of proprietary resin. This arrangement was effective in
restricting rotation of the ends of the strut but inconvenient to
implement. Plate 1 also shows the dial gauges which were
initially employed to measure specimen end-shortening whilst the
centrally mounted strain gauges set a pattern for future tests.
It is to be noted that the deflected shape conforms to that
expected in the post-buckling range. Further discussion on the
preliminary compression tests follows delineation of the actual
testing system enhancement undertaken. It is to be understood
that Sections 2.3 and 2.4 relate to the testing system and
procedures as finally established in the enhanced configuration,
ie the system and procedures employed in the formal testing
programme deécribed in Chapter 3. Section 2.5 deals with tests
undertaken concurrently with this enhancement, these preliminary

tests being integral with the enhancement process itself.
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2.3 SCHENCK ENHANCEMENT - PERIPHERAL HARDWARE
2.3.1 Strut Facility

Provision of an outboard 225kN Strainsert (low profile) load cell
and the associated load cell amplifier, constructed in-house,
ensured that the testing system complied with the highest grade,
0.5, of BS 1610(45); ie load measurement was accurate to *0.5% of
full scale. Plate 2 depicts the 1load cell 1located between
purpose—built hardened steel housing units. The lower housing
unit was located on thg machine actuator by a central 1locating
spiggot, all relevant surfaces being milled flat to obviate
alignment errors. As illustrated in Plate 2, the upper housing
unit was recessed in the centre to accept a mechanical split taper
lock collett which is displayed alongside. Colletts were employed

to provide for end fixity.

Considerable thought was given to the means by which effective
clamping action, to be maintained throughout the loading
procedure, could be provided. Several mechanical devices were
considered and, after trials, the use of taper lock colletts, a
faﬁiliar item in mechanical engineering systems, was accepted as
providing the best means by which the desired effect could be
achieved. As shown in Plate 2, each collett accepted a 50mm
length of section which was then gripped circumferentially upon
mounting the collett in the appropriately recessed housing and
fitting the two grub screws provided. Further, and importantly,

the grip increases upon application of axial compression. End
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bearing on the extreme cross-sections completed the requisite end
fixity definition. In addition to the 1lower mounting unit
displayed in Plate 2, a similar but simplified - no load cell
being required - unit was employed at the upper end of the strut
where connection to the <cross~head platten was effecged.
Initially, struts were turned down to fit the colletts. This was
unsatisfactory as it introduced unnecessary effort and additional
cross-sectional geometric imperfectionms. Accordingly, a set of
‘colletts was obtained, these being turned to a variety of internal
diameters to provide for a range of tolerances appropriate to the
nominal section diameter - formal testing was to be made using

48.3mm by 3.2mm CHS as noted in Section 1.5.

The necessary slack on the Schenck threaded column permitteq
movement of the cross—headAunder strut loading. It was considered
that this could be problematical, particularly in the cyclic
tests. A tie-rod arrangement was therefore implemented to pull
the cross—head up against the threads of the columns using the top
plate of the Schenck as an anchor point. The croés-head was
forced back onto the column threads, under a load in excess of the
maximum anticipated compressive test load; the tie~rod was then

pre—-tensioned to secure the cross-head in position.

A further development saw the provision of transducer monitoring
of the primary kinematic response parameters - that is
end-shortening and central transverse displacement. In addition,
a more precise level of actuator control would be made available.

This development consisted of a transducer network made up of a
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ten +50mm stroke.transducer monitoring array located on a purpose
built framework indepehdent of specimen and machine strain. The
stroke range employed was dictated by the prescribed iimiting
magnitude of the net central transverse displacement W.p[~WgcL-
This prescribed magnitude was determined from the concurrent
preliminary strut tests - cf Section 2.5. Six transducers were
mounted to monitor the upper and lower end displacements and
thereby provide definitive net axial strut movement. At each end,
the respective transducers were located, radially, at 120°
intervals, minimising any rotational effect of the platten mounted
housings. (This arrangement indicated that no measurable rotation
occurred throughout the testing programme.) Denoting the 1lower
three transducer readings by A, B and C and the upper readings by
D, E, and F, then the net axial shortening , denoted u (for conven-

ience),is given by

A+B+C| _| D+E+F (2.1)
—— —_— | T u
3 3

The algorithm was implemented using an in-house constructed, hard-
wired analogue device. The lower three readings were themselves
averaged, this similarly hard-wired reading supplanting the cruder
inboard transducer in providing for a more accurate feedback
signal regarding actuator movemeunt. The remaining four
transducers, denoted by G, H, I and J were mounted to record net
central transverse displacement w.y-Wo.[- These were orthogonally
located so as to bear onto the facets of a square target, itself
centralised wusing knife-edges on the strut. Average values, .
taking account of the vectors provided by the respective

transducers, of opposing pairs afforded a non-prejudicial net

33



resultant vector value of w.y-w,., by the following Pythagorian
transformation;
2 2 £
[( _G_'_'_I) + (..J__E) ] = WcL = VocL (2.2)
2 2

which was also employed in hard-wired form using an in-house
constructed analogue device. The transducers were served by the
necessary amplifying units, and the three sets of transducer
assemblies are shown in Plate 3. Additional monitoring was
provided by four centrally mounted axially oriented strain gauges,
located in a radially symmetric pattern. These enabled a close
inspection to be made of the constitutive states appertaining to

this highly stressed region of the strut.
2.3.2 Stub Facility

An important aspect of the experimental programme was the
provision of appropriate yield/proof stress oy and direct modulus
E data. This data was obtained from stub tests, the respective
specimens being approximately 200mm in length, this length being
dependent upon the specimen sections involved - note later. The
tests were conducted with the Schenck cross-head 1lowered
accordingly, the previously mentioned tie-rod being extended to
accommodate this feature. In particular, and as required by the
stub test procedure(26), these tests necessitated the provision of
case-hardened upper and lower bearing plate assemblies which were
mounted on spiggots, these being. located in .the previously
discussed colletts. The wupper housing unit was adjustable to

ensure parallelism of the bearing surfaces between which were
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wounted four short stroke precision gauges - NER5 +5mm stroke.
The complete but unmounted stub testing unit is depicted in Plate
4 together with a typical CHS specimen. The directly obtained (ie
hard-wired) analogue average of the four transducers, mounted
in a radially symmetrical manner, served both as the necessary
end-shortening daté output and actuator feedback signal. Axial

load monitoring was again provided by the 225kN load cell.
2.3.3 Cyclic Testing Aspects

As noted in Section 1.1, the primary objective of the research
programme was to determine the effect of a pre-buckling cyclic
phase of loading upon otherwise static strut performance. The
duration and frequency of this cyclic phase were to be based on
of fshore values in the absence of more definitive data.
Accordingly, target wvalues of n,=1000 cycles at £=1/16Hz(46) were
established. A familiar sinusoidal forcing function was to be
employed using the RV-10 function generator under manual control,
the appropriate amplitudes and mean cyclic axial displacements to
be determined once typical static strut performance had been

identified.

For those compression.tests involving a phase of cyclic action,
additional and continuous monitoring was provided by the use of
x,y and x,y/t plotters. For strut testing purposes, these were
interfaced with the axial 1load, axial displacement and central
transverse displacement output channels. This arrangement

provided axial 1load/axial displacement, axial 1load/central
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transverse displacement and each of axial load, axial displacement
and central transverse displacement versus time graphical output.
It was incumbent wupon the system that the mean axial cyclic
displacement or stroke was maintained constant throughout the
cyclic phase. Pre- and post- cyclic action phase values of axial
stroke were checked accordingly. For data control regarding
slenderness ratio effects, a number of later stub tests, see
Chapter 3, were also subject to a cyclic loading phase and
facilities for the continuous monitoring of axial load and axial
displacement against time and one another were incorporated in a
similar manner to that described above. Plate 5 illustrates a

stub specimen undergoing a test involving a cyclic action phase.

2.3.4 Out-of-Straightness Monitoring

Attempts to automatically monitor the initial out—of-straightneés
of the strut specimens were focussed on the fitting of a motorised
lathe rotating centre to the lower collett seating together with a
similar slave unit fitted into the upper collett seating. The
lower mounting is illustrated in Plate 6. Out-of-straightness
measurements were obtained wusing seven transversely mounted
+12.5mm transducers fitted with T heads to allow for the circular
nature of the specimens chosen for the main strut testing
programme. The transducers were mounted on the previously
mentioned main transducer framework and were evenly distributed
along the 1length of each strut, with one at mid-span. Having
fitted a specimen onto the lathe rotating centres, the specimen

was automatically rotated and monitored, readings being taken at
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intervals of /2. The lathe rotating centres enabled assessment of
the initial out-of-straightness against BS4848, Part 2(47),  Aware
of the possibility that these readings might not be directly
relevant to the encastré compression testing mode, readings were

also taken with specimens fully mounted in the colletts. In this

approach, the specimens were manually rotated - an awkward
procedure - clamping being effected as required prior to the
readings being taken. A representative sample of the struts

formally tested and delineated in Chapter 3 were assessed in this
manner and correlation established between the two sets of data.
Attempts to motorise encastré mode out-of-straightness assessment

were investigated but no convenient system was determined.
2.4 SCHENCK ENHANCEMENT - DIGITAL COMPUTER INCORPORATION

In conjunction with the foregoing mechanical enhancement, thought
was given to the incorporation of digital computing facilities in
order to establish a modern automated system. Initially a DEC PDP
1104 mini-computer/data logger was interfaced with the appropriate
transducer, strain gauge and load cell channels. This was
essential if a substantial number of static increments were to be
employed in the (static) compression tests - some 2000 data items
per test was the desired target figure. This implementation was a
relatively straightforward task, with all software produced
in-house; 16-bit digital accuracy was thereby readily made
available. In parametric terms, an accuracy of 0.0l1% was obtained
at a reading speed of ten channels per second; this performance

was markedly superior to that previously available.
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With newer but simirlar testing equipment also providing inboard
computer control, it was then determined to employ a standard
micro-computer for control purposes with the Schenck. An RML380Z
computer was chosen in view of its 10-bit DAC (digital-to—analogue
converter), made available by paired combination of the machine's
basic 8-bit architecture. Its 56K bytes memory and twin disc
drive facility were ample for the tasks involved. With the
necessary software again produced in-house, the interfacing took
considerable effort to implement, most of this effort being
expended on effectively setting up an accurate incremental loading
or 'ramping' signal, in real-time, that would override the RV-10
controller. Safety considerations were a further major factor, as
was the need to coordinate the micro-drive with the

mini-monitoring, again in real-time.

The essential features of the resultant control and monitoring
system, as applicable to static testing, are illustrated in Fig
2.1. With regard to the drive signal, the micro-computer set up a
digital pulse as shown in Fig 2.1(a). Interfacing through the DAC
enabied conversion of this pulse into the voltage regulated
analogue linear ramp and plateau configuration depicted in Fig
2.1(b). This regulation corresponded - note the +5 volt Schenck
machine stroke range - to limiting both the stroke and stroke rate
per 'loading' increment of the Schenck machine. The interface
adaptor/stroke rate limiter (SRL) was controlled in real-time t'
and the ramped signal was then passed, via the RV-10 controller
now acting as a 'slave', to the actuator - note Section 2.2.

Following actuator displacement, the channels corresponding to the
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Figure 2.1 ; Computer Control and Monitoring Features
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lower platten outboard transducers, recall readings A, B and C
delineated in Section 2.3.1 for strut testing and the four
precision gauge readings with respect to the stub testing
configuration denoted in Section 2.3.2, were then 'interrogated'
for completion of the now computerised servo-loop. This servo
check on the status of the actuator movement was again completed
in real-time during the ‘'plateau' stage referred to above - note
Fig 2.1(c). The servo— loop data was checked using the interface
adaptor/SRL  and the resulting status displayed on the
micro—-computer's VDU employing the computer's ADC (analogue-to-
digital converter) as denoted in Fig 2.1(c). The micro- and
mini-computers were themselves interfaced so that a trigger signal
could be deépatched, satisfactory SRL status having been achieved,
from the micro to the mini to initiate channel (ie data)
monitoring of all parametric output by the latter computer. To
have employed the controlling wicro-computer for full data
monitoring would have resulted in slower and less accurate
testing. The micro/mini trigger signal and the mini chanﬁel
scanning data acquisition process were again established in
real-time t', as denoted in Fig 2.1(d). Failure to achieve or
maintain satisfactory SRL status resulted in automatic test
shut-down; this never occurred throughout the experimental

studies.

The complete incremental procedure was duly programmed with each
increment occupying a prescribed time period, the procedure being
repeated through to test completion, computer control and

monitoring having begun once the specimen had been initially
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mounted in the Schenck. A total of 1K bits was attributed to
driving the overall actuator stroke. For those compression tests
involving a cyclic action phase, an interrupt was provided to
enable use of the RV-10 cyclic function generator under manual
control. A sketch of the appropriate hardware features is given
in Fig 2.1(e). Finally, a safety cut-out was made available by
passing countrol to the micro-computer's 'space-bar' key whenever
signals, either to/from the Schenck or to the mini-computer (ie

trigger signal), were not active in the micro's CPU (central

processor unit). This resulted in real-time cut-out being made
available for ‘'virtually' the whole duration of a test. The
computer coding required was simple but effective. On one

occasion, for example, problems due to electronic interference

were incurred resulting in vibration of the Schenck during a test.

This was quickly overcome using the controlling computer's 'space-
bar' key. In conjunction with the displacement control approach
employed, the testing system was actually safer than it had been
under manual control; improved response time in all related

aspects was the essential product of computer implementation.

Given the foregoing implementation, then, upon completion of a
test, all data, relating to both raw individual sensor readings
and their refined parametric equivalents, was resident in the
mini-computer's CPU. This was then transferred, using paper-tape
interfacing, to the micro-computer now free from its test control
role. This computer had been interfaced with the (SCP) Computer
Unit's IBM4341 8Mb mainframe - the first such interfacing between

a micro-computer and the Polytechnic's mainframe to be achieved.
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The raw test data was transferred to the mainframe whereupon it
was processed into engineering parametric graphical form. The
stub and strut data processing programmes were written in
Fortran/GINO and included 1linear regression routines for
interpolated parametric values (eg determination of 0.2% proof

stress from constitutive data plots).

With respect to out-of-straightmess monitoring as conducted in the
formal tests described in Chapter 3, a small control programme was
written for the RML380Z (micro). Monitoring was undertaken using
the mini-computer in a manner similar to that described above.
Increments herein took the form of angular rotations, mechanical
power being supplied by a small proprietary motor interfaced with
the micro and connected to the lower lathe rotating centre - note
Plate 6. Each test involved five full rotations of the strut
making for twenty-one sets of initial displacements at each of the
respective seven transducers. Data output was again transferred
to the mainframe whereby mean initial displacement; and their

orientations were evaluated.

Clearly, considerable effort went into providing digital computing
support to the experimental programme. Indeed, it was considered
desirable to construct a 'digital computer annexe' to provide a
clean air atmosphere for the micro- and mini-computers and
attendant peripherals. An interior view of the annexe is given in
Platé 7 whilst the testing system in its enhanced strut testing
guise is illustrated in Plate 8, the annexe forming the backdrop;

it is instructive to compare Plates 1 and 8. It must be recalled
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Plate 8 ; Enhanced Schenck Configuration
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that, together with the previously discussed mechanical
enhancement, the foregoing digital computing support only came
on-line towards the end of the preliminary series of compression
tests and that the procedures discussed essentially relate to the
formal testing programme described in Chapter 3. Fig 2.2 gives a

schematic representation of the finalised Schenck testing system.

Attention is now drawn to the preliminary series of stub and strut
tests undertaken during the period of testing system enhancement.
These tests provided for testing system validation and important
data such as suitable limiting stroke values for both formal stub
and strut test purposes. Experience in large scale testing was

gained and a review of methodology enabled.
2.5 PRELIMINARY TESTS
2.5.1 Static Strut Tests

In these tests both 50mm by 3.2mm SHS and 48.3mm by 3.2mm CHS
specimens were employea. All sections were tested at a
slenderness ratio of 80 and were of Grade 43C material. The
effective length was deemed to be half the nominal Ilength, ie
2=L/2. Axial stroke was gradually applied, through buckling, up
to some maximum axial stroke beyond which it was considered that
data would not be of pfactical engineering interest. At each
increment, the corresponding axial load was recorded together with
further response data as available, this being dependent upon the

degree of system enhancement extant, The number of increments
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involved in a given test was similarly variable. The early tests
were conducted using as few as twenty increments involving only

axial displacement and load parametric monitoring.

Key experimental data is given in Table 2.1 together with the
respective Euler/Critical and ECCS/Perry(36) (unfactored) 1load
values. In these latter evaluations, the effective length has
been taken as above,Q,#O.?L(36), whilst values for direct modulus
E and yield/proof stress o& have been taken from code values(36),
ie E=205kN/mm2 and 0}=275N/mm2. (nb; At the time of testing BS
449 was in force.) Tests P9-P21 involved initially restricted
but developing use of the mini-computer/data logger, whilst tests
P17-P21 involved some form of digital control. By the end of this
preliminary series of static strut tests the testing system was
fully on-line and the formal testing described in Chapter 3 was
imminent. With particular respect to CHS specimens, the maximum
value of net central displacement recorded was of the order of
50mm, this evaluation being of iﬁportance to the design of the
transducer network under development. The corresponding limiting
axial displacement was of the order of 5mm. Of note is the fact
that the average CHS buckling load was 1.12 times the respective

ECCS limit state load.
2.5.2 Stub Tests
Six preliminary stub tests were carried out towards the end of the

enhancement programme under full computer control and monitoring

as delineated in Sections 2.3 and 2.4. Only the number and
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Test Ref. Buckling Load | Axial or End Net Central
P, Shortening Transverse
ulp, Displacement
(kN) Wel, — Wocl
(rom) cL () [p.
Pl 131.3 - -
P2 137.5 - -
P3 SHS 136.2 - -
P4 CHS 105.5 2.92 9.49
P5 102.5 2.85 5.95
P6 109.0 2.67 4.23
P7 101.5 2.91 4.35
P8 101.6 2.96 5.07
P9 101.9 2.89 8.15
P10 100.3 2.88 5.76
P11 103.5 2.89 4.21
P12 103.0 2.83 5.66
P13 100.5 2.91 5.78
P14 106.8 3.06 4.12
P15 102.5 2.98 6.23
P16 95.2 2.86 6.65
P17 105.4 3.00 4.74
P18 99.6 2.96 5.65
P19 108.6 3.01 7.31
P20 98.8 2.92 7.12
P21 108.2 3.05 4.82
Average (SHS) 135.0 - -
Average (CHS) 103.0 2.92 5.85
SHS Euler Load = 187.8kN SHS ECCS Load = 143kN
CHS Euler Load = 121kN CHS ECCS Load = 92kN

Table 2.1;

Preliminary Static Strut Test Results
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magnitude of the 'loading' increments remained to be established
whilst the only non-automated aspect concerned the transfer of
data to the mainframe and the manner of data reduction/graphical
interpretation employed. Indeed, this experimentation 'back-end'
was finélly established employing the six data sets provided by
these tests. The number of increments employed in an individual
stub test increased from approximately twenty to in excess of one
hundred in the course of this small series of tests. Essentially,
the overall stub test procedure was formally established by this
means and key preliminary test data is given in Table 2.2. All
tests were carried out on 48.3mm by 3.2 mm CHS specimens; the
spread of data for yield/proof stress and diréct modulus is

noteworthy.
2.5.3 Cyclic Strut Tests

Three cyclic strut tests formed the final set of preliminary tests
and were conducted wunder appropriate computer control and
monitoring. Employing experience obtained from the former static
strut tests, the primary purposes of these tests were cyclic
testing system validation and determination of suitable amplitude
(Zuam) and mean cyclic axial stroke values (up), this latter
parameter being that value of axial static displacement at which
the cyclic action was implemented. In all three cases, 48.3mm by
3.2nm CHS specimens were employed and the cyclic action incurred
varying degrees of inelastic behaviour as indicated by the values
for “chs“ama“d ub in Table 2.3. Consideration was given to the

relationship between u; and the axial displacement corresponding

51



Test Ref. Yield/Proof Stress | Direct Modulus
0‘3, E
(N/mm2) (kN/mm?2)
P25 312 197
P26 292 197
P27 293 206
P28 276 211
P29 280 207
P30 314 204

Average values: oy = 295N/mm2, E = 204kN/mm2, ulp, = 0.29mm

Table 2.2; Preliminary Stub Test Results

Test Ref. Buckling Load Axial Net Central
P. Displacement Transverse
u|p, Displacement
(kN) mm Wel T WoclL
(mm) (a5 P
P22 100.0 2.97 4.76
P23 100.5 3.03 7.67
P24 110.0 2.84 5.21
f = 1/16Hz, ugy= lmm, n, = 100 cycles, uy = 1.4mm

Table 2.3; Preliminary Cyclic Strut Test Results
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to the unfactored/factored'Perry'loads ~ this matter is discussed
further in Chapter 3. For wmachine proving purposes, cyclic
durations were limited to 100 cycles and no variation in uy was
detected; this is as required under displacement or stroke
controlled action. Strain gauges were dispensed with, there being
a surfeit of data otherwise made available, the data monitoring
procedure being suitably amended. A slenderness ratio of 80 was
once more employed. As with the préliminary static tests,
imperfections were not monitored apriori. No indication of loss

in end fixity due to cyclic action was recorded.

It was determined that efficient testing was readily available
employing the established computerised static strut procedure
subject to machine interrupt upon attainment of axial stroke up.
Control was then passed to the RV-10 and a sinusoidal forcing
function implemented under manual control. The tests enabled the
dynamic monitoring to be 'tuned' during the cyclic action phases.
Control was passed back to the micro-computer upon completion of

the respective cyclic action phase.

2.5.4 Résumé

The preliminary tests set out above resulted in the proving of the
testing system through the various stages of the mechanical and
digital computer enhancement programme . Chronologically
concurrent activities, the preliminary tests and enhancement
programmes resulted in the procedures discussed in Sections 2.3

and 2.4 being fully operative by their completion. Further
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consideration of these procedures follows after delineation of two
additional developments whose necessity was identified as a result
of the work undertaken in this initial experimental phase of the

research programme.
2.6 TENSILE TESTING FACILITY

Given the variation in yield/proof stress data noted in Table 2.2
for the 1limited number of tests undertaken and in view of
established arguments relating to stub test based constitutive
data(43), it was considered necessary to supplement the
compression tests with a series of tensile tests on a
representative sample of specimens. An Avery 7110 testing machine
was therefore configured to BS18, Part 4(25) standards, this
requiring the addition of key peripherals to the basic machine.
An x,y plotter was employed to record axial load/average axial
strain whilst an x,y/t plotter recorded the strain rate(48), Load
was monitored using an outboard 300kN load cell and manual control
was employed throughout. CHS specimens were centrally 'waisted'
and four axially oriented strain gauges applied in a radially
symmetric manner, their hard-wired average being provided by a
supplementary analogue amplifier. - Plate 9 illustrates the Avery
system, as established, in operation. Further details of the

tensile testing programme are given in Section 3.3.2.
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Plate 9 ; Avery - Tensile Testing Rig

55



2.7 ANCILLARY FEATURES

During the first experimental phase it also became apparent that,
for purposes of accuracy, the means of geometric measurement
should be carefully assessed. To this end, recoursé was to be
made in the formal experimental programme to use of the
Polytechnic's Metrology Laboratory. Geometric dimensions recorded
during the formal testing programme and noted in Chapter 3
included CHS stub specimen 1length, diameter and wall thickness
measurements together with checks upon the planarity of the
respective stub end sections and their orthogonality with respect
to the specimen length. Further, weight assessments were to be
undertaken for purposes of sectional area assessment. Throughout,
such experimental measurements were supported by checks being made
employing the Metrology Laboratory facilities. In particular, all
stub specimen length and end section parallelism assessments were

checked in this way.

Inevitably, errors or inaccuracies will occur. | Tolerances
attending peripheral hardware - eg transducers - are available;
tolerances attending the actual electronic acquisition of the
data, however, can only be estimpted. The former tolerances
consist of non-linearity (the deviation from the 'true' value of
the measured value) and repeatability (variation of a measured
value due to repeated observations of that value) types.
Tolerance values, given as a percentage of full scale, take the
form +0.09% and +0.1% non-linearity for the load cell and the

transducers respectively, and +0.03% repeatability for both items.
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The x,y and x,y/t plotters each involve total tolerances of +0.6%.
Electronic acquisition tolerances are taken to be individually
+0.1%Z for the amplifier, supply voltage fluctuations and logging
errors, with +0.01%Z mini-computer resolution. Table 2.4 presents
the resultant tolerances or errors incurred in the. various
monitoring systems enployed. Each resultant consists of the
square root of the sum of the respective component errors

squared.
2.8 SUMMARY

The work discussed in this chapter has been primarily concerned
with the establishment of an enhanced compression system and the
preliminary strut and stub tests concurrently undertaken for
purposes of testing system system validation. This work accounted
for the first eighteen months of research study. During this
time, the decision was taken to employ 48.3mm by 3.2mm CHS of
Grade 43C for testing purposes, and BSC were approached for
assistance. This resulted in the prompt provision of fifty such
7.5m runs by BSC Tubes Division (Corby). The EWSR tubes conformed
to BS4360(49) and BS4, Part 2(50), the manufacturing process
involving hot rolling and forming, induction welding, stretch
reducing to size and hot finishing (stress relieving). This

material support is gratefully acknowledged.
The material was received some nine months into the programme and
some of this stock was employed in the preliminary tests. It is a

pity that more use could not have been made of the data obtained
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during these tests. (It is to be appreciated that the refined
facilities and procedures detailed in Sections 2.3 and 2.4 only
became available as a complete system towards the end of the
preliminary testing programme.) However, with évery test, ideas
for refinement led to a continuous improvement in experimentation
and programme specification. Accordingly, the following chapter
sets out the formal experimental programme consisting of in excess
of two hundred computer controlled and monitored tests. Given the
importance of the digital computing aspects discussed in the
foregoing with respect to the ensuing experimental programme, some
further details of the software involved are given in the

Appendix.
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CHAPTER 3

EXPERIMENTAL PROGRAMME

3.1 INTRODUCTION

The central feature of the mainstream or formal testing programme
was the set of strut tests undertaken involving a pre-buckling
cyclic action phase. In support of this set, static strut, stub
and tensile tests were conducted for purposes of data control. As
noted in Section 1.1, despite. an intensive literature search -
witness the Bibliography - little previous work directly relevant

to this area of study has been uncovered(22),

The primary objective of the programme was to determine the effect
of a pre-buckling cyclic action phase wupon otherwise static
performance, emphasis being placed wupon imperfection sensitive
struts and consideration of the effective amplification of initial
strut imperfections due to the hysteresis incurred. In-depth
time~dependent study per se was not undertaken. As noted in
Section 2.3.3, offshore values for cyclic duration ‘and frequency
were employed in the absence of more definitive data,
‘notwithstanding the more general consideration that no structu;al
loading is truly static. Accordingly, cyclic action as
implemented in the programme involved durations centred on
approximately 1000 cycles (n.) at a frequency(f)of 1/16 Hz(46),
thereby obviating inertial and resonance effects. The sinusoidal

forcing function employed is detailed in Section 3.3.6.
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The mean states at which the cyclic action phases were to be
introduced were based upon the factored Perry and ‘'unfactored'
ECCS/Perry 1loads. The former effectively relates to service
conditions, the latter guaranteeing inelastic cyclic excursions.
Given axial displacement or stroke control, therefore, the
respective mean strokes up were prescribed to correspond to axial

compressions of approximately 45 kN and 70 kN respectively for the
CHS sections employed at a "slenderness ratio of 80; some
two-thirds of the strut tests were conducted at A=80. As noted in
the previous cﬁapters, a doubly-encastré testing mode was to be
employed relating to an effective length factor of 0.5. The baéic
70 kN load given above lies between the ECCS loads corresponding
to the use of the 0.5 faqtor (92 kN) and the maximum code value of

0.7(36) (60 kN).

Amplitudes were to be such as to constrain behaviour to the sub-
buckling compression regime throughout. Relatively low amplitudes
centred on a mean axial compression of approximately 45 kN would
primarily involve quasi-elastic hysteresis(51) whilst larger
amplitudes centred on the higher mean value of 70 kN would produce
significant inelastic excursions. The remaining cyclic tests

would cover the intervening range.

It should be noted that fatigue(sz) generally involves net tension
and a large number of cycles (5108); low cycle fatigue(51)
involves 5104 cycles but even this remains far in excess of the
prescribed ng. At no stage during the experimental study were

signs of fatigue failure observed; indeed, some cyclic-tested
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struts were later re-tested statically - see Section 3.8.

The ensuing experimentation is initially discussed in terms of
specimen configuration and testing procedures. The respective
data and findings are then presented. Clearly, a vast amount of
data was generated from the large number of tests involved - in
excess of 200 - and data presentation takes the form of sample
tabulations and statistical techniques, in the form of histograms,
in an attempt to display data concisely, whilst affording
definitive data trends. All key data is presented in a summary

table towards the end of the chapter.
3.2 SPECIMEN DEFINITION
3.2.1 Configuration

The 48.3mm by 3.2mm CHS employed in the experimental programme was
delineated in Section 2.8. This section was chosen to enable
suitaﬁle slenderness ratios to be achieved given the available
Schenck 'daylight' and to meet the 1large scale testing
requirement. Slenderness ratios ()A) of 70-90 were deemed
appropriate, most tests being based on a ratio of 80. Modified
slenderness ratios (My;=\/)\]) were thereby centred on unity as
required for maximum imperfection sensitivity. Nominal strut
length L=2% therefore ranged between 2.2m and 3.0m; L=2.56m for
A=80. An additional 50mm was provided at each end of a specimen

for gripping in the collets described in Chapter 2.
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Accordingly, two strut specimens were cut from each 7.5m run
provided by BSC. From each run, therefore, one specimen could be
tested in a formal static manner whilst the other would be subject
to testing involving a cyclic action phase or, as in a number of
cyclic tests, phases. This specimen procedure enabled some degree
of data control to be provided between corresponding static and

cyclic 'partners'.

For purposes of control over comstitutive data, E and Oy, two stub
specimens were cut from each 7.5m run at locations adjacent to the
strut specimen metal, thereby providing individual strut
constitutive data. In accordance with established
guidelines(26), the stub specimens were about 200mm in length,
with minimum length > 2D+ 25cm or 3D and maximum length < 20r or
5D where D and r denote diameter and wminimum radius of gyration
respectively. Additionally, provision was made to provide for a
number of tensile specimens as control on the stub test data,

further offcuts being used for geometric assessment.

Specimens were initially sawn from the 7.5m runs. Strut specimens
had their ends machined square using a lathe. Stub specimen ends
were additionally ground flat and parallel as required for direct
bearing in the stub rig - recall Plate 4. Tensile specimens were
cut to 600mm in length due to testing machine requirements. A
central portion was 'turned down' or 'waisted' by lathe to
approximately half wall thickness over a gauge length of 45mm, in
accordance with BS18, Part 4(25), to receive strain gauges.

Static strut specimens were also 'cleaned' to receive strain
p
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gauges as noted in Section 2.3.1. Further, a small batch of strut
specimens were subject to additional, synthetically produced,

initial curvature; this particular feature is discussed later.
3.2.2 Reference System

A typical 7.5m run topology is illustrated in Fig 3.1; each run
was assigned a consecutive serial number with sub-classifications
S and C denoting the respective 'static' and ‘'cyclic' strut
specimens, SS and SC their stub counterparts, with T denoting,
where applicable, the appropriate tensile specimens. Accordingly,
the main body of tests involved serial or reference numbers 1 to
27. Numbers 28 to 31 were consigned to the above noted
synthetically curved specimens. For data control purposes,
reference number 16 involved one additional synthetically curved
specimen; this particular specimen, nominally 16S, was given the
reference 32S to avoid confusion with mainstream data. As a
result, 53 struts were tested effectively as supplied, a further 9
struts being subject to synthetic curvature. In addition, 6 of
the former cases were subjected to re-testing for purposes of
monitoring the typical 'failed' specimen; these re-tests were
assigned reference numbers 33 to 38. Finally, 6 stub tests were
conducted on ;dditional CHS material for cyclic action phase data

control purposes.
3.2.3 Metrology Aspects

In keeping with the overall demand for accuracy, geometric

64



91

Pi=om

¢

S]UBWAINSEI)] SSIUNDTYJ, J[BM PUB I233weTq I33Ing ¢ g°¢ aandig

uoTrjlBIN3IIUO) uoTjeIn3dTIuo)
JUBWRINSEIW SSIWNDTYL TTeM (9q) JuBWAANSEI AaBWRIQ I123nQ (B)

Sy
3/a € Ly
a
3 8,
I3
wa31sAg @ousiazay ¢ |°¢ 2andig
s3IndJjo aayjlany ¢ g ,J
[ wm gog moledm o o
|l w6 z>uasustsmggz—k 1 FTHROS
# (OS] @ | SO D D ¢ [(SS)| ]
I
Ino  3nd Ino m ano Ino  3nd
L mg*/ -

65



measurement included specific metrology study. Wall thickness t
and outer-diameter D were measured for each reference or serial
number specimen set using offcuts. At each cross-section
concerned, 4 values of D and 8 values of t were determined as
devnoted in Fig 3.2 employing precision vernier micrometers; 2
cross-sections per run were assessed making for 248 final readings
for D and 496 for t, these cross-sections being appropriate to the
4 stub and strut specimens cut from each run. Sample D and t
measurements are given in Table 3.1 whilst the histograms of Figs

3.3 and 3.4 present the final readings in concise form.

Fig 3.3 indicates all material complies with BS4848, Part 2(47),
and virtually all readings exceeded the nominal diameter of
48.3mm. With X denoting the mean and s the standard deviation,
then the 1lower 957 confidence 1limit, X-2s assuming a normal
distribution(53), affords a lower bound on D of 48.344mm. Two
histograms are presented for t owing to the variability of the
thickness of the weld on the inner CHS surface. One histogram
assumes a single reading for t; whilst the other employs the
average of two such readings, these attempting to mitigate the
effect of the inner surface irregularities. The two means are
close but both are less than the nominal value of wall thickness.
A lower 95% confidence limit of 3.04lmm was recorded. For both D

and t values, samples were checked in the Metrology Laboratory

employing alternative gauges - readings for t involved use of
conical measuring points - with close correlation obtained
throughout. D and t measurements were also made on the tensile

specimens, t being recorded before 'waisting', D both before and
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after.

Table 3.2 affords sample processed D and t data wused in the
evaluation of effective sectional eccentricity e and ovality(43),
the latter being included for quality control purposes. Ovality
is a localised imperfection and is given by (Dpax—Dpin)/Dav: With
respect to the 62 strut specimen sample, the average (X)ovality was
0.00218 (ie 0.22%) with s=0.00124 (ie 0.127%). This is considered
fairly 1ow(43), Eccentricity of Jloading was considered to be
equivalent to e=(tj-tg5)(Dyy/tay=2)/4 noting the additional wall

thickness invariably present in the weld vicinity(43).

All stub specimens were checked in the Metrology Laboratory for
parallelism. Méximum and minimum length readings, taken around
the individual section, afforded the parallel errors and average
values of 1length for axial strain evaluation in the stub tests.
Table 3.3 affords sample stub length and parallelism data. Whilst
the readings appear excellent, no specification is given for
parallelism(26). Also given in Table 3.3 is data on
cross—sectional areas; values employing the processed geometric D
and t data appertaining to the sample of stub specimens are given

in accordance with
A=A, =%(Dav2 - [D, - 2tay]’) | (3.1)

Values for stub cross—sectional areas were also obtained employing
weight assessment undertaken in the Metrology Laboratory. Area

determination by 'mass' is achieved employing

A =Anonm [nominal mass/metre]-1(stub mass/stub length) (3.2)
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Specimen Dpax Dpin Dy t1-ts | tgy Ovality
Reference (mm) (mm) (mm) (mm) (mm) (x10'3)
1 S 48.620 | 48.515| 48.565| 0.180) 3.174 2.16

C 48.540 | 48.440 | 48.486 | 0.173] 3.166 2.06

5 S 48.575 | 48.425| 48.503| 0.111 ] 3.156 3.09

C 48.550 | 48.485 | 48.519 | 0.002 | 3.174 1.34

10 S 48.535 | 48.375| 48.446 | 0.125| 3.198 3.30
C 48.525 | 48.340 | 48.446 ] 0.175| 3.228 3.82

15 S 48.550 | 48.440 ) 48.483 | 0.169 | 3.240 2.27
c 48.525 | 48.390 | 48.459 ] 0.243 ] 3.249 2.79

20 S 48.565 | 48.480 | 48.513 ] 0.079 | 3.222 1.75
C 48.535 | 48.425 | 48.484 | 0.103 ) 3.210 2.27

25 S 48.550 | 48.360 | 48.469 | 0.180] 3.160 3.92
C 48.580. 48.440 | 48.500 | 0.127 | 3.184 2.89

30 S 48.500 | 48.350 | 48.427 | 0.260] 3.252 3.10
C 48.540 | 48.420 | 48.458 | 0.160 | 3.226 2.48

Table 3.2; Sample Data for Ovality
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Specimen | Average | Error in Stub An Ag Ayy
Reference | stub parallel | specimen] (by (by (mm?)
specimen] (mmx10‘3) mass mass) geometry)
length (g) (mm2) [ (um2)
(mm)
1 S ]1203.457 2 724.82 | 453.32 | 452.61 [ 452.97
C |203.835 5 725.52 | 452.92 | 450.77 | 451.85
5 S |]203.880 5 722.58 1450.98 | 449.59 | 450.34
C |203.890 7 723.65 | 451.63 | 452.15 | 451.89
10 |_s | 202.882 5 721.32 | 452.41 | 454.60 | 453.51
C |203.212 6 727.68 455.66 | 458.56 | 457.11
15 S 202.182 5 725.02 { 456.31 460.52 458.42
C 1203.396 2 730.33 | 456.90 | 461.46 | 459.18
20 S |202.710 2 727.19 | 456.48 | 458.45 | 457.47
C | 202.484 8 720.80 | 452.97 | 456.57 | 454.47
25 |_S | 202.896 4 721.80 | 452.68 | 449.80 | 451.24
C ]203.120 7 724.51 | 453.88 | 453.28 | 453.58
30 S [201.937 5 722.42 | 455.21 | 461.55 | 458.38
c_ | 202.965 5 727.07 | 455.83 | 458.42 | 457.13

Table 3.3; Sample Cross—Sectional
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(3.2)

where Anom=453mm2(50)is the nominal cross-sectional area and the
stub length is as measured above. Data control énd resultant
average cross—-sectional area values are thereby made available.
On the basis of 62 partnered strut and stub specimens, a pertinent
histogram is given in Fig 3.5. Excellent correlation was obtained
between Apop, Ag and Ap, data spread being Ap,y +3%; lower 95%
confidence values were 441.766mm2 and 443.288mm2 for Ag and Ap
respectively. Given the «close correlation, values of the
resultant A,, were used for partnered strut and stub specimens -

note Fig 3.1.
3.3 TESTING PROCEDURES
" 3.3.1 Stub Tests

All 62 static stub specimens were tested consecutively to provide
the first phase of the formal testing programme. General testing
system factors were given in Section 2.3.2. Specimens were
manually located in the Schenck-mounted stub rig, note Plates 4
and 5, and the 'zero-zero' datum stafe achieved as accurately as
possible using manual control of the RV1O controller. Monitoring
was provided by the mini-computer resulting in highly accurate
'zeroing'. Alignment was thoroughly checked before invoking
computer control, transfer to which resulted in the application of
145 axial stroke increments. There were 75 'fine' increments ( 12

Pm/increment), at least 30 of which were assigned to the linear
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elastic range(26); 35 increments were assigned to the unloading
path, these forming part of the later 70 'coarser' increments ( 90

Fm/increment).

Whilst formal output was obtained employing the IBM mainframe as
discussed in Section 2.4, data on incremental values of stroke and
load were also monitored on-line for purposes of experimental
control and safety. Given the speed of monitoring, see Section
2.4, output was considered to be of ‘'dynamic’ form(54), The
applied strain rate was 20 p€&/s (ie specimen strain rate in the
linear elastic range), with tests being curtailed at a strain of
approximately 0.02. Experimental turn-round time was of the
order of 30 minutes. Checks for non-axiallity were made by
investigating individual transducer readings(26); no problems were
encountered. Final mainframe graphical output, discussed shortly,
included provision of linear regression facilities for evaluation

of E and c§/proof stress.

Plate 10 illustrates 3 stub specimens; to the right is an untested
stub, in the centre is a typically tested stub, whilst to the left
is a stub compressed well beyond a strain of 0.02. This was done
to exaggerate and thereby more visually illustrate the well-
established 'bulge' problem associated with stub testing. End
friction coupled with the Poisson effect induces this flexural-
type action which can adversely affect the constitutive values
obtained(43), Given this problem, a restricted series of tensile
tests were later conducted for purposes of comparative

assessment.
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Plate 10 ; Stub Specimens

Plate 11 ; Tensile Test Specimen
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3.3.2 Stub Tests - Cyclic

As noted in Sections 2.3.3 and 3.2.2, six additional stub tests
were undertaken for control purposes. Three specimens were cut
from each of two further (ie additional to specimen refs 1-38)
7.5m CHS runs; one specimen from each run was tested statically.
Using the data obtained, the remaining four stubs were tested
statically up to a state mid-way through the linear elastic range
whereupon computer control and monitoring were suppressed. A
sinusoidal forcing function was manually instituted through the
RV10 controller with amplitudes such that cyclic action (n.=1000
cycles) remained‘within the elastic range. Dynamic monitoring .of
axial stroke and load against one another and time was undertaken
using x,y and x,y/t plotters as illustrated in Plate 5. Upon
completion of the cyclic phase, static computer control and
monitoring was re-implemented through to the 1limiting strain
state. Primarily, the output provided control on cyclic
action/slenderness ratio effects, particularly in the context of
quasi-elastic hysteresis(Sl). Further details on cyclic testing
procedures are given in Section 3.3.6. These six tests were, in
fact, the 1last tests undertaken, in chronological terms, with

respect to the experimental programme.
3.3.3 Tensile Tests
Whilst compressive constitutive data is clearly desirable for

strut testing support, the previously discussed 'end bulge' effect

gives reason for concern with respect to the values obtained(43),
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Some measure of control is available by undertaking tensile tests
on comparable specimens. Twelve full scale tensile tests were

thereby undertaken employing offcut material - see Fig 3.1.

Tests were conducted to BS18, Part 4 using an Avery testing
machine, see Plate 9. Specimen details are illustrated in Plate
11. Taper-lock collets were employed in reversed mode, bearing
onto which Qere end plates bolted to the specimen through
previously drilled holes. The complete arrangement involved one
collett being connected to the cross-head of the Avery machine,
the specimen passing through the outboard load cell, its housing
and beneath the travelling cross-beam of the machine to which the
other collett was attached through a ball joint. Stroke loading
was continuously applied, the rate being monitored using an x,y/t
plotter(25), ‘the respective 'K-factor' being determined as

appropriate(48). - Applied strain rate was 8 PS/S.

The average axial strain in the 'waisted' section, see Section
2.6, was recorded together with the applied loading, the 'dynamic'
criterion for yield stress being applicable(54). Cross-sectional
area was determined in acéordance with Section 3.2.3. Specimens
were tested to failure; Plate 12 shows a typical ruptured

specimen, failure being of accepted ductile form.
3.3.4 Strut Tests - Imperfection Monitoring

Following completion of the tensile tests, all strut specimens

- other than the re-test cases discussed later - were subjected to
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out-of-straightness monitoring. The essentials of the equipment
employed were described in Sections 2.3.4 and 2.4; see also Plate
6. With a variety of slenderness ratios being employed, the
cross— head énd transducers required re-location as necessary.
Each strut was given 'strut-top' and 'strut-bottom' marks and then
mounted in the Schenck with the weld seam in line with the central
or mid-height transducer for control purposes. The 0° rotation
reading was then taken and recorded wusing the mini-computer;
subsequently, readings were taken at intervals of 90° with five
full rotations employed as denoted previously. Fig 3.6
illustrates the principles involved, with the difference between
diametrically opposing pairs of transducer readings being twice
the respective imperfection. From the output data, resultant mean
initial displacments and their orientation, conveniently expressed

by Gon with respect to the weld, were computed, with
Won=(en1z+en22)'i (3.3)

and

Bon =tan | (ena/eny) (3.4)

for n=1,7, this denoting the seven transducers employed. Ovality
data, as discussed in Section 3.2.3, was available for combination
with this data for definitive values of initial out-of-
straightness; the magnitudes of the ovality errors were considered

negligible herein - see Table 3.2.

Whilst the data provided was directly relevant to the
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considerations of BS4848, Part 2(47) owing to the lathe-centres
employed in the procedure, releQance to the doubly-encastré
support mode émployed in the strut testing proper was clearly
questionable. As'noted in Section 2.3.4, a manual procedure was
therefore adopted for the monitoring of the out-of-straightness of
a representative sample of specimens fitted into the respective
colletts. The correlation between phe lathe (pinned) and collett

(encastré) data for these specimens is considered later.

As noted in Section 3.2.3, cross-sectional geometry data provided
an eccentricity of loading parameter 'e', values for which are
given in Table 3.2. This parameter relates to local conditions
only, however, and is essentially for reference purposes only.

The influence of the weld upon 'e' is marked.
3.3.5 Strut Tests - Static

Those struts with a slenderness ratio of 80 - approximately two-—
thirds of the specimens - were tested as a batch following
completion of the out-of-straightness monitoring. The remaining
static tests were conducted following the cyclic testing,
discussed below, of the )\=80 'cyclic batch'. Re-tests and tests
on synthetically deformed samples are considered separately in

Section 3.8.
Having received the previously delineated strain gauges, each

specimen was fitted, before being mounted in the Schenck, with the

specially-designed square target discussed in Section 2.3.1 and
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illustrated in bFig 3.7. Mid-height transducer G was chosen as
datum location for the weld. The four transducers enabled a
resultant central transverse buckling path to be plotted from
readings (G-I)/2 and (J-H)/2, the negative signs being transducer-
dependent. This novel feature proved to be very important in
assessing strut behaviour - ie 'is planar strut modelling valid?'
- and the corresponding computer graphical outputs were termed
'vector traces'. Correlation between measured central transverse
displacement Ww.1-W,.1,, See Eqn (2.2), and the strain gauge output
was important and achieved employing the central monitoring

topology depicted in Fig 3.7.

The colletts were tightened once the specimen/actuator was zeroed-
in, and computer control was then.effected. Each test involved
the acquisition of some 2000 discrete data items employing 145
stroke controlled increments which took the specimen well into the
post-buckling range as discussed in Section 2.5.1 and illustrated
in Plate 8. The initial 34 increments, each of 90pm stroke, were
followed by fine increments of 25pm stroke for tight definition of
the buckling state. The applied stroke rate approximated to
16p€¥s (ie 16P€/s for A=80). An experimental 'turn-round' time of

35-40 minutes was not uncommon.

Plate 13 illustrates a buckled specimen with the reversed
curvature displayed. The strut is subject to elastic recovery,
some 60% recovery of the central transverse displacement being
achieved upon unloading. It should perhaps be noted that the

specimen actually depicted comes from the preliminary series of
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———__knife
edges

N square
target

strut
cross—section H
at mid-span

€1,€2,E3,E4 :— strain guages

G,H,1,J :~ mid-span lateral transducers
(cf Plate 3)

Figure 3.7 ; Central Monitoring Facility
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tests described in Section 2.5.1 as indicated by the presence of

the 'turned' ends.
3.3.6 Strut Tests - Cyclic

Upon completion of the )\=80 static strut tests - ie cases
18-168 - the testing of their cyclic counterparts was undertaken.
Static data relating to buckling load P. and corresponding end
shortening u|p. assisted in prescribing cyclic amplitudes (2ugp)
and, given the appropriate mean state P;, u&, the resulting peak
cyclic axial displacements up. Behaviour was to be of sub-
buckling compressive form throughout (ie u |pcduptuyp, O<up-u,g).
Specimens were prepared and mounted in the testing rig in the
manner earlier described with respect to the static strut tests
save for the omission of strain gauges. These were not considered
to be necessary given the additiomal cyclic monitoring aspects

involved - see Sections 2.3.3 and 2.5.3.

Tests therefore proceeded in accordance with the aforementioned
static manner until the prescribed mean axial displacement uy was
achieved, this state corresponding to axial compressions of
approximately 45 kN and/or 70 kN as discussed in Section 3.1. At
this state, manual override control was implemented employing the
RV10 controller's inboard function generator to apply a sinusoidal

waveform

U =upy +ugp sin (27£t') (3.5)

where u denotes total axial displacement at time t', monitoring

85



being undertaken in accordance with Section 2.3.3 for P s
WeL-WocL (measured central transverse displacement) and P vs u,
with each of these parameters also plotted against a time (t')
base . Peak cyclic parameters Py and up, were of obvious
importance. Cyclic durations were varied but generally consisted
of a total of n.=1000 cycles applied at either of the lower (45kN)
or upper (70kN) Py, ulf states. Exceptions to this primarily
concerned the first test, 1C, in which short durations were
applied, 25 cycles, as a lower limit check upon the preliminary
tests delineated in Table 2.3, and tests 13C and 14C in which 1500
cycles were employed as an wupper 1limit check upon duration
effects. Upon completion of a cyclic action phase, digital
control was re-implemented, this being initiated by mini-computer
logging of the post-cyclic phase values of load and displacement.
This enabled accurate digital assessment of cyclic action phase
effects in pre- and post-cyclic phase static terms. No effective
change in mean axial displacement uy was recorded throughout the

cyclic experimentation, as was required of the testing system.

For tests involving only omne cyclic action phase, completion of
this phase was followed by re-implementation of the established
static loading procedure through to the limiting post-buckling
displacement state as discussed in Sections 2.5.1 and 3.3.5. For
those tests involving two such cyclic phases, the static loading
procedure was re-implemented between the two respective up states
and again following completion of the second cyclic action phase
through to the prescribed 1limiting post-buckling displacement

state.
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A variety of cyclic profiles was therefore investigated for \=80.
It became apparent that the primary action parameter, given the
ne—uyn—f-A configurations considered, was peak cyclic displacement
up (or Pp). This was to be of major importance with respect to
the final mainstream set of cyclic strut tests, {7C to 27C,
these involving a variety of slenderness ratios ). These tests
all involved only one cyclic action phase, primarily based on the
upper value of ul, corresponding to P=70kN. Values of uy, were
such that concern with peak inelastic excursion took precedencé
over the quasi-elastic hysteresis associated with lower values of
up. This second series of formal cyclic strut tests followed the
testing of the corresponding static strut specimens 175 to 27S.
The Schenck and transducer monitoring facilities were adjusted to
accommodate the changes in )\ as required. Detailed consideration

of the results obtained follows as part of the ensuing discussion

of the overall formal experimental data.
3.4 CONSTITUTIVE BEHAVIOUR - RESULTS
3.4.1 Stub Tests

Table 3.4 presents sample specimen data from the main set of 62
static stub tests. Constitutive response ranged between the
typical yield and roundhouse loci depicted in Fig 3.8; most 1loci
were of either the former or slightly rounded, quasi-yielding type
shown in Fig 3.9. This figure also illustrates the typical
-computer graphics output resulting from a stub test, with

regression providing for E and the 0.2%Z proof stress. Few full
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Specimen 6y/60.2% E Classification
Reference (N/mm) | (kN/mn2)| R-roundhouse
S-slightly rounded
Y-yield
1 SS 285 214 S
SC 283 214
5 ss | 287 213 s
SC 302 207
10 ss | 306 215 S
SC 309 211
15 ss| 275 215 v
SC 277 217
20 ss | 297 218 S
SC 300 219
25 ss | 204 213 Y
SC 210 218
30 ss | 325 216 R
SC 320 220

Table 3.4; Sample Stub Test Data
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woo! o Cu/mm2)
L_proof roundhouse [ref.178S]
3004
°y'—~{ 1 yield [ref.15SS]
200+ / E obtained by computerised
least squares fit
E /
1004 /lE
)
-3
0 /0.2% proof ex 10
0 4 8 W ) 1r67

Figure 3.8 ; Stub Loci-Yield and Roundhouse Type

: stub locus [ref. 20SC]

— — —: tensile test locus [ref,20T]

i i 12 19 s
. exig3

Figure 3.9 ; Stub and Tensile Test Loci
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roundhouse curves were obtained, supporting the thesis that
residual stresses are relatively unimportant in the hot-finished

sections employed(32).

Fig 3.10 affords histograms of the o&/O.ZZ proof stress and E
obtained from the stub experimentation. Variations from the mean
of up to -33% and -13% respectively are noted. These variations
from the respective means of 284.4N/mm2  and 213.6kN/mm2 are
substantial, particularly in the case of 0&/0.2% proof stress, and
justify the constitupive experimentation. However, variations
with respect to any given specimen reference set were generally
small as typified in Table 3.4. The findings of the éyclic stub

experimentation are discussed later.

3.4.2 Tensile Tests

Table 3.5 presents pertinent data from the 12 tensile tests
undertaken on specimens taken at random from offcut material.
Tensile test values for yield/0.2% proof stress and direct modulus
are denoted by oyry and Egg. Their relationship to the
corresponding stub test values of Oy and E is given alongside
showing the stub test average to be 3% down on yield/0.2% proof
stress and up by 7% on the direct modulus. When comparing the
average tensile test values with those from all 62 stub tests,
however, the stub values show a drop of 6% in yield/0.2% proof
stress and an increase of 6% in direct modulus; note Fig 3.10.

Fig 3.9 shows a typical tensile constitutive locus superposed on
the corresponding stub test output, specimen ref. 20T; the struts
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Specimen Oytt oy Ete E Classification
Ref . (N/mm?2) ;;:: (kN/mm?2) E;; R-roundhouse
S-slightly
rounded
Y-yield
1T 290 0.98 200 1.07. S
3T 290 1.00 195 1.07 Y.
5T 307 0.96 205 1.02 S
1T 300 0.98 200 1.07 S
8T 294 0.94 203 1.07 Y
13T 320 0.98 200 1.08 S
20T 311 0.96 205 1.07 S
a 21T 307 0.97 197 1.11 S
b 21T 306 0.97 200 1.08 S
22T 283 0.97 198 1.10 S
26T 331 0.94 206 1.06 R
27T 309 1.01 200 1.08 S
Average 304 0.97 201 1.07 n/a

Table 3.5; Tensile Test Data
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21S and 21C were of slenderness ratio 75, permitting two tensile
specimens, a and b, to be obtained and compared. Most tensile
loci were of slightly rounded yielding form as denoted in Table

3.5.
3.5 IMPERFECTION ASSESSMENT - RESULTS
3.5.1 Initial Curvature

Data from the 53 mainstream strut tests, 1S to 27S, less 165, and
1C to 27C, as discussed in Section 3.2.2, was reduced from a basic
set of 7420 individual readings to produce average resultant
values of magnitude w,,; and orientation R4y, n=1,7, for each
strut; Ro,p was measured in an anticlockwise sense from the weld in
plan view. Tables 3.6 and 3.7 present sample data. The values
for wyp indicate the struts to be well-formed or very straight;
this was true for all strut samples. Indeed, it was this trend
which led to the decision to subject a set of strut samples to
synthetically produced additional initial curvature as discussed
separateiy in Section 3.8, All struts were well within the
requisite 0,2%L tolerance(47) as assessed by the maximum value of
the respective Wg,n, Won. This value did not always poincide with
the central value wgy4(=woeL) as indicated in Table 3.6 and
corkscrewed initial topologies were extant throughout; see Ryp in
Table 3.7. Fig 3.11 depicts the graphical output relating to
case 6S and illustrates typical initial profile data in plan
view. The complexities associated with attempting to

theoretically. model practical strut behaviour are well-typified by
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this example of a three-dimensional, corkscrewed initial topology.
The histogram of Fig 3.12 gives an overall mean value of
0.258 x10~3 for Wom/L, an order of magnitude within the 2x10~3

tolerance(47),

Accepting that theoretical studies were to be undertaken in
conjunction with the exXperimental programme and that modelling was
to be undertaken on the generalised basis of effective length £,
then the relationship between the measured wgyp, n=1,7, noting wgy,
in particular and that these were assessed over a length L, and an
initial central transverse displacement w,. defined with respect
to £ was required. As noted in Sections 2.3.4 and 3.3.4, a manual
procedure was adopted for the monitoring of out-of-straightness
for a sample of ten strut specimens in the encastré mode. The two
alternative modes of out-of-straightness monitoring are
illustrated in Figs 3.13(a) and (b). The ten encastré tests
generated 280 individual component data items. The appropriate
processed data is given in relation to the corresponding pin-ended
data in Table 3.8 in terms of the initial central transverse
displacement values, W,.gp denoting the respective encastré data.
The correlation was considered to indicate that, noting the
relative straightness of the specimens, the pin-ended data could

be used in conjunction with encastré strut testing per se.

Compromise between the importance and wvariability of strut
imperfections with the requirements of design practice demanded
the reduction of the necessary wyn/woep and W,.g data base into a

form suited to planar strut analysis. Accordingly, Fig 3.13(c)
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illustrates the basic procedure adopted, with w,. denoting the
processed value of initial central transverse displacement with

respect to effective length &=L/2. This procedure employs
Voc = Woclm (Wo2+W06) /2 (3.6)

and effectively requires that wge.1=wy4 be the respective maximum
initial displacment wyp and that non-negative values be obtained.
To provide for cases where this was not viable, an altérnative,
interpolating function procedure was adopted. Considering
coordinate x to lie along the undeformed centreline as shown in
Fig 3.13(c), then, for #=L/2, let the initial deformed profile

take the form

Wo =Wger, ( 1-cos[2mx/L])/2 (3.7)

such that the area enclosed between the undeformed centrelime and

the initial strut profile is given by
L
A=ofw° dx = wy.p,.L/2 (3.8)

Equating this with the non-planar area piecewise enclosed by the

actual w,, readings affords

7
WoopL/2 = (L/8>Z1 Von (3.9)
n:

Employing £=L/2 thereby implies
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7
woe =WoeL /2 = (2 Won)/8 (3.10)
n=1

which is always available for any strut.

Values of w,. obtained either directly from Eqn (3.6) or by
interpolation from Eqn (3.10) enable assessment of wgy. against the
0.1%2% requirement(42) or imperfection parameter TN in design
practice(35s36) which gives 0.104%Z% for A=80 using design values
for oy and E. Individual strut values for w,. are given in the
comprehensive tabulations of Section 3.7; the maximum direct and
interpolated values are well within these tolerances, being 0.05%%
and 0.08%Z% respectively, corresponding means being 0.02%% and
0.035%%. The minor discrepancies between Wocl, and wy g as denoted

in Table 3.8 are thereby considered negligible.
3.5.2 Load Eccentricity

Equivalence of cross-section and load eccentricity was delineated
in Section 3.2.3 and the appropriate processed data given in Table
3.2 with tp y—tpip=t]-ts5 due to weld effects; note Fig 3.13(d).
Evaluation of eccentricity e is thereby readily available, the
respective data being given in the main tabulations of Section

3.7.

Given that strut imperfections can be broadly grouped under the
classifications of initial curvature (say w,.), eccentricity of
loading (say e) and residual stress, then it is considered that

imperfection assessment  has been comprehensively treated.
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Consideration of the implications is 1left to the overview of

experimental strut behaviour delineated in Section 3.7.
3.6 STATIC STRUT TESTING - RESULTS
3.6.1 Parametric Response

The software employed for the interpretation of the static strut
test data provided for computer numerical and graphical output of
the primary parameters, whilst additional software features
generated vector traces, note Section 3.3.5, and interactively
produced Southwell and Lundquist Plots; this latter item is

considered in section 3.6.2.

Two sets of complete graphical output, that is P vs u, P vs
WeL"WocLs P Vs €, and the associated vector trace plots, are
depicted in Figs 3.14 to 3.23 inclusive. Cases 125 -
Figs 3.14 to 3.18 inclusive - and 20S - .Figs 3.19 to 3.23
inclusive - are considered representative in terms of their output

and also display particular features of interest.

From the P vs u graphs in Figs 3.14 and 3.19, it can be seen tﬁat
the dispersion of increments through the pre- and post-buckling
paths - each discrete increment being delineated by a symbol -
were aimed at defining the sensitive buckling region accurately.
Despite the fine increment size, Fig 3.14 displays sudden load
shedding, with the increment following attainment of P. not being

~able to define a ‘'curve' around P., and hence a definitive P..
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AXIAL LOAD vs. AXIAL DISPLACEMENT
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Figure 3.14 ; P vs u - Strut Ref, 128

AXIAL LOAD vs. MID-SPAN RESULTANT LATERAL DISPLACEMENT
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Figure 3.15 ; P vs wop = Wgcp, — Strut Ref. 128
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AXIAL LOAD vs. MID-SPAN AXIAL STRAIN
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Figure 3.16 ; P vs €, = Strut Ref, 12§

mmxie-!
-40. (5

=25

(G :iveld)
226 -28 -30
mmxie-2

Sl ¢J - Hy2

MID-SPAN LATERAL DISPLACEMENT VECTOR TRACE (PLAN VIEW) re: P ( Pc

Figure 3.17 ; Vector Trace (P¢P.) - Strut Ref, 12§

103



mmyxie!
-5
3
-4}
-3
& e, J
Woc
-1
/WocL
/Pc
ay r r Y . ? . Y . . » (G iVeld)
S 4 3 2 i ) -1 -2 -3 -4 -5
mm xie!
it
2
3
«
st CH)
MID-SPAN LATERAL DISPLACEMENT VECTOR TRACE PLAN VIEW (Axes Scaled UniFormly)
Figure 3.18 ; Vector Trace - Strut Ref.12S
AXIAL LOAD vs. AXIAL DISPLACEMENT
x10!
12,
Pc = 189.6 kN
1]
10
9/
8]
P 4
C(kN)
5
4
3]
2]
1]
e r : . ' . , Y y , r
) S 10 15 20 25 30 35 40 45 50
: x10-1

U <mmd

Figure 3.19 ; P vs u - Strut Ref, 20S
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AXIAL LOAD vs. MID-SPAN RESULTANT LATERAL DISPLACEMENT

Pc =109.6 kN
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Figure 3.20 ; P vs W,y ~Wgy.p, — Strut Ref. 20S

AXIAL LOAD vs. MID-SPAN AXIAL STRAIN

x1@!

11

10l

(kN>

—1- T T T = T L4

-7 -6 -5 -4 -3 2 -1 3 1

x1e3
(5 n (micro-strains)

Figure 3.21 ; P vs g, - Strut Ref, 208
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This behaviour is indicative of dynamic unloading associated with
rigid/stiff testing machine characteristics(SS), where a 'sharp
knee' displayed at buckling is to be expected. Fig 3.19 displays
an increment being ‘caught' in the process of buckling. An
additional P vs u plot for case 21S is included - Fig 3.24 - to
depict the foregoing 'curve' around P, being more effectively
defined; such highly specific P vs u curves were obtained from

about one—third of the strut cases involved.

The most sensitive or difficult parameter to evaluate at the
essentially 'dynamic' buckling state is w.p-woeL|pc- The object
is surely to obtain this wvalue 'as the load begins to drop but
before the full dynamic buckling process is underway. Figs 3.15
(12S), 3.20 (20S) and 3.25 (21S) are representative of the range
of P vs w.;-W,.1, loci obtained. As is to be expected from the
above, the 1locus for case 21S provides for a slightly more
accurate determination of W.p-Woel |pPc» With WeL-WocL |pc Possibly

being slightly underestimated in the remaining cases.

Figs 3.16 and 3.21 depict typical P vs €, loci (central strain
gauge readings, n=1,4) for cases 12S and 20S respectively.
The pre-buckling loci for each €, trace is linear up to loads
approaching P, although the readings indicated that inelastic

buckling was indeed prevalent.

Sample key static strut test data is. given in Table 3.9 with
experimental buckling load P. presented in terms of the Euler
critical load P, and squash load (stub test) Pg. Further ,
the design load Py (with 2=L/2) is given in terms of the Euler
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AXIAL LOAD vs. AXIAL DISPLACEMENT
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Figure 3.24 ; P vs u — Strut Ref, 218
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Figure 3.25 ; P Vs wqy = Wgop, — Strut Ref, 215
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critical load. In all cases, individual geometric and constitutive
(compressive) data are employed in these evaluations. The table
testifies to the range of modified slenderness ratios Ay employed,
exhibits the direct and interpolated values for wy. (note
correlation where applicable) and shows that eccentricity e is of

the same order of magnitude as w,..

Figs 3.17, 3.18, 3.22 and 3.23 illustrate the respective
pre-buckling and full buckling loci vector traces, employment of
which is considered to be of novel form. The variable and very
fine scales employed in the pre-buckling traces are to be noted,
with minor zero-zero datum irregularities being shown in Fig 3.17
- note abscissa scale vs ordinate scale in particular.
Importantly, Figs 3.18 and 3.23 exhibit 'planar' behaviour,
although the orientationé should be noted in the context of the
Woc and e orientations provided. The resultant vector trace
planarity is the product of a complex interaction of
imperfections, particularly w,.1(w,c.) and e herein. Indeed, the
vector traces given in Figs 3.26 and 3.27 relate to  case 6S
for which w,, imperfection data was given in Fig 3.11. The
apparent agreement between the orientations of wger (and wy.) and
the planar buckling path belies the fact that 65 was heavily
corkscrewed, note Fig 3.11, with wy.j#wop and no direct w,. value
being available. Further, the eccentricity e was six times the
magnitude of w,. (interpolated). Recall that values of e and wg,
are fully tabulated in Section 3.7 together with all other
important experimental data. The diverse orientations of the

vector traces given in Figs 3.18, 3.23 and 3.27 indicate
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independence of buckling path from machine interference; this is

clearly as required.

The interrelationship of data obtained from central strain gauge
readings and the corresponding vector traces provide for control
of output in accordance with the topology illustrated in Fig 3.7.
All strut studies involved suitable correlation, the zone of
highest compression as provided by strain gauge output correlating
well with that préscribed by the direction of the buckling path

given by the corresponding vector trace.

It is instructive to consider the strain gauge/vector trace
correlation further. Considering case 12S, Fig 3.18 indicates
Qtrain gauge reading €9, recall Fig 3.7, will afford the maximum
compressive strain. .The corresponding value of limiting linear
elastic strain is available from the appropriate stub test, 12SS,
which gives a value of 1.275x10"3 and the associated stress to be
275N/mm2. From Fig 3.16, the maximum linear elastic load thereby
corresponds to 106kN, this being 6% lower than the buckling load
P.. The ECCS 10ad(36) subject to £=L/2 and the use of stub test
data gives Pp=103.5kN. This form of correlation is as anticipated
and supports claims of accurate experimentation. Further,
employing Eqn (1.2), a check can be made upon load-displacement
characteristics. Substituting the above noted maximum linear
elastic values for stress and load, together with values for A and
Z, then w,=1.86mm at the limiting elastic state, w,. being relative
to effective length #. Accepting that Wb=WcL/2 for 2=L/2, note

Eqn (3.7), and similarly transforming the respective imperfections
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Woc and wgep affords an estimate that wop-Woe1=2.48mm at the
limiting elastic state. From numerical output (nb Fig 3.15), the
experimental value for w.p-wy.p is 2.36mm. Validity of the output

data is thereby supported.
3.6.2 Semi-Empirical Analyses - Southwell and Lundquist Plots

The basis for the Southwell and Lundquist plot techniques is well
established(56,35,57,58) The governing equations of the
Southwell and Lundquist plots take the form

(wc-woc)/P==(wc-woc)/Pes+aos/Pes : (3.11)

and
(wc-woc-w')/(P-P') = (wc-woc-W')/(Pel-P')+a01/(Pe1—P') (3.12)

where P' and w' denote the elastic 'pivot' state and Pgg, agg and
Pe1, ay)] delineate the Southwell and Lundquist estimates of the
critical load and initial central displacement respectively with
respect to the effective length £ . The Lundquist 'pivot' attempts
to mitigate low load non-linearities(SG), Importantly, the agg
and a,; parameters can -be considered as lumped or effective
imperfections taking account, when applied to practical struts, of
not only w,., but also e and residual stress effects (however
small). These a,g and aol. parameters were particularly useful
herein given the initially corkscrewed/irregular strut topologies

extant, this effect also rendering central w,. (direct) values not
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always being deemed applicable. Given the availability of
experimental data, agg and ay] provide convenient planar
imperfection parameters highly suited to practical engineering

interpretation.

Eqns (3.11) and (3.12) also provide estimates for the Euler
critical load and thereby, given appropriate constitutive and

geometric data, estimates for effective length from
2s/% = (Pe/Pog)? and £1/8= (B/Pop)? (3.13)

where %5 and %, are the Southwell and Lundquist estimates for

effective length respectively.

Employing interactive linear regression, suitable Southweil and
Lundquist plots were made readily available as an experimentation
back-end facility. Various linear fits and Lundquist pivots
were implemented for all cases, the necessary transformation
Wo=Woc=(WoL~WocL)/2 being applied pre—piotting. Indeed, these
effective length check procedures were appreciated to be of the
utmost importance to the research programme. The wvarious
applications of the £=L/2 transformation, see Sections 3.5.1 and
3.6.1 for example, demand that some control on effective length be
made available. Fig 3.28 clarifies the effective length
transformation details whilst Table 3.10 affords sample key data,
the final values of fit range, and pivot state in the case of
Lundquist plots, being those which gave the best degree of

linearity. It is considered that the linear ranges quoted are

114



spua utd / 2INX3]JBIIUOD

[g°1 31a 3]
L

1@

UOT3BT9110) UOTIITPUO) pugd 213sedouy / pepud utd ¢ gz ¢ 2an81j

7 /\TP0m _ TOn) = 20n _ 2y

N\...HUO3 _ 003

z/Pn = On

<

115



eleq 3014 3Isinbpun pue [remyinog afdueg {Q1°€ °Iqel

Ge°0 61°0 L0°1 L0°T LL - 89 8L - 99 S¥e
9¢°0 89°0 60°1 10°1 S - 9% 16 - L€ YA
(A1) 99°0 OT°1 ¢0°1 %G - 8¢ 76 - 8¢ S1¢
8%°0 L9°0 90° 1. 10°1 ¢S - 6¢ 0s - 9¢ S0¢
SY°0 LL0 o1°1 601 LS = %Y GG - 8¢ S81
L0°0 8%°0 80°1 10°1 0L - LS 99 - /S SL1
01°0 0€°0 €01 10°1 19 - €6 19 - €6 SGT
¢C°0 99°0 €0°1 66°0 L9 - 0§ L9 - 66§ S6
71°0 8G¢°0 L0°1 10°1 L9 - 0§ 69 - 8§ s¢q
81°0 6L°0 90°1 86°0 09 - ¢ ¢9 - 6§ S¢
1% S%g TN ¥/S¥ | 3sbpunt | TT°MyINOg

(wu) EAL!

eaeq “Om B3lBQ 19Ny (®°q 30 y) 98uey 3rg | Inaig

116



sufficiently 1large and that the effective length £%g and 21
estimates lend confidence to the deemed £&=L/2. Imperfection
parameters a,g and ap] appear attractive and are of the same order
of magnitude as their direct and interpolated wy. equivalents,
note Table 3.9. As noted above, a,g and ap; include all

imperfections considered in a planar regime.

Fig 3.29 presents the Southwell and Lundquist plots for case 21S
whilst Fig 3.30 shows a typical computer graphics Southwell plot
for case 5S. The 1latter shows more pronounced 1low load
irregularity(56) than the former Southwell plot; overall, however,
case 21S 1is the more typical. The Lundquist plots did not
generally provide for larger linear 'fit' ranges, the Southwell
plots themseives being, as indicated above, well- behaved. As
employed herein, these two semi-graphical techniques proved very
useful, providing for experimental verification as well as for
alternative imperfection assessment. Given the lack of explicit
residual stress analysis, this latter feature serves as a control
upon this factor. The Southwell and Lundquist techniques provide
an excellent example of experimental-numerical interaction(Sg),
their output serving further in the ‘theoretical modelling
procedures discussed in the next chapter. Finally, it should be
noted that out of the 26 static strut test cases, only 7 and 8
cases respectively failed to provide suitable Southwell and

(56)

Lundquist plots These failures were generally associated

with low Ay configurations.
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3.7 CYCLIC STRUT TESTING -~ RESULTS
3.7.1 Pseudo-Static Parametric Response

Given that the primary objective of the research programme was to
determine the effect of a pre-buckling cyclic phase of loading
upon otherwise static strut performance, then the respective
experimental data is considered in two parts. First, the pseudo-
static characteristics are studied; these relate to assessment of
the appropriate static parameters, the cyclic action phase being
considered as an interface between the respective static regimes.
The situation is illustrated in Fig 3.31 with statically monitored
regimes OA and BC being interfaced with a linear locus AB, points
A'and B representing the statically defined start and stop limits
of the cyclic action phase. Fig 3.31 1is thereby deemed to
illustrate the pseudo-static characteristics of the strut system.
Study of the actual cyclic action phase is considered in Section
3.7.2. Strictly, Fig 3.31 could not have been produced ‘'earlier',
due to the absence of appropriate experimental data despite an
intensive literature search, note the Bibliography, this search

including the use of computer-based international facilities.

Key details of the cyclic profiles employed with respect to the 27
mainstream tests (1C-27C) are given in Table 3.11. The
'unfactored' base symbol U denoting uh nominally corresponding to
the ECCS 1limit state load, F denoting a Perry(6o)—type reduction
from this to relate to service condition behaviour with up

nominally corresponding to 45kN; note Section 3.1. The necessity
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Note

The classifications 'quasi-cyelice' and 'formally cyeclic!
can be more clearly defined by reference to the time-
dependent responses discussed in the next section (i.e.
3.7.2). 'Quasi-cyclie' cases involve load/transverse
displacement loci which possess closed loop line
hysteresis; see Fig 3.50, page 141, The overall
hysteresis band-widths are stabilised and narrow with a
corresponding eyclic step of either hardening or
softening form. 'Formally cyclic' cases involve
load/transverse displacement loci which possess finite
area hysteresis loops; see Figs 3.51 - 3.54, pages 143
- 145, The associated overall hysteresis band-widths
are non-stabilised, the corresponding cyclic steps
displayingvdefinitive softening-only characteristies

throughout.



of inducing inelastic excursions requires high peak um=uam+u;
values as given by .the specific limiting elastic considerations
discussed in Section 3.6.1. Lower values of up relate to
quasi-elastic hysteresis(51) considerations. In Table 3.11, u, is
non-dimensionalised with respect to the corresponding axial
displacement at buckling. Accordingly, cases 1C to 17C relate to
quasi-elastic hysteresis behaviour, the remaining tests
appertaining to primary inelastic considerations. Case 2C was
earmarked for static testing on account of the low buckling load
P. achieved in case 2S5, concern over the validity of that test
demanding a further static assessment. (Low values for oy from
stub tests 2SS and 2SC confirmed that constitutive 'weakness'
induced this lower P, behaviour.) Throughout the cyclic tests,
frequency £=1/1642(46) . cCcase 20C represents an upper bound on the
programme, with buckling being induced during the cyclic action

phase.

It is valid to consider tests upto 17C separately from those
beyond given the action data for um/ulpc - and the response data
for wéL/(WcL'wocL) | pc  where WéL re?resents the increase in
measured central displacement (over L) induced during the cyeclic
action phase; wip is herein termed the ‘cyclic step'. The
tabulated non-dimensionalised cyclic step is 2=L/2-transformation
independent - note Section 3.5.1 and Fig 3.28. Tests upto 17C are
termed 'quasi-cyclic' on account of the small, and
variably-signed, cyclic step; those beyond are considered to
exhibit a more substantial cyclic step and are thereby deemed to

be 'cyclic-proper' or formally cyclic tests.
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Cases 1C to 17C (less 2C) correspond to a cyclic action phase
inducing quasi-elastic hysteresis in which constitutive impurities
in the nominally linear elastic range of the material give rise to
hysteresis or work 1loss in the supposedly fully reversible
constitutive regime(51s61).Importantly, however, the induced system
changes can result in both cyclic hardening or softening according
to experimental work on axial\compression samples under reversed
axial loading(63). The negative values of cyclic step obtained in
cases 4C, 5C, 8C, 9C, 10C, 12C and 16C testify to the highly
variable nature of the quasi-elastic hysteresis phenomenon,
heightened, perhaps, by the imperfection sensitivity of the stru£
samples concerned. That is, the sensitivity could perhaps result
in a 'positive' response to such action. However, as shown by the
magnitude of the cyclic steps involved in cases 1C to 17C, the
overall effect of cyclic action is small. Case 4C shows opposing

effects with respect to the two cyclic phases involved.

Table 3.11 also gives details of the peak axial compression Py
induced during the cyclic action phase in terms of the ensuing
post-cyclic action phase buckling load P.. The demarcation
between the quasi-cyclic and formally cyclic classifications is
clearly shown. Table 3.12 gives an overview of all strut testing
key data showing that in no instance other than the singular case
20C was a substantial loss in buckling load P. reported due to
pre-buckling cyclic action, the cyclic P. being compared with its
static partner's P,. Even in the formally cyclic cases showing
substantial cyclic hysteresis or cyclic step, note cases 21C, 22C,

26C and 27C, there was little variation between corresponding
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strut case cyclic and static P, values. Indeed, the former pair
exhibit an increase in P, over their respective static partners.
This fact can be explained by reference to the appropriate
imperfections, the 'cyclic' strut cases being initially less
imperfect in both cases. It was precisely this sort of problem

which led to the large number of tests undertaken.

Case 20C actually buckled during the cyclic action phase and,
unsurprisingly, post cyclic action phase buckling load P, suffered
a drastic drop. Apart from this case, it appears that deformation
was more susceptible to pre-buckling cyclic action than load
carrying capacity itself. This consideration is limited by the
fact that definitive control upon static/cyclic P. correlation is
not available, as discussed above, whilst the cyclic step is more
readily assessed in terms of the cyclic test central transverse
displacement at buckling. It is not assessed against the

corresponding static buckling displacement, note Table 3.12.

Crucially, however, Tables 3.11 and 3.12show that the key casés 21C,
22C, 26C and 27C can be seen to correspond to high peak inelastic
excursions in struts possessing a relatively substantial inelastic
range. It is considered that this represents the primary research
finding, noting just how high a degree of inelastic incursion is
required to cause problems for imperfection sensitive struts. For
the prescribed values of frequency f and duration n,, the CHS
specimens employed display considerable resilience to pre-buckling
cyclic action. It should also be recalled at this stage that

although the specimens employed corresponded to being imperfection
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sensitive, they were remarkably imperfection-free as shown in
Table 3.12, remembering also the low level of residual stress

present (32),

Supporting data to that given in Tables 3.11 and 3.12 is provided
by that given in Table 3.13 where experimental buckling loads P
are assessed against squash load Pg (stub tést) and ECCS load
Pp(36) (but £ =L/2). It is considered that modified slenderness
ratio )p, an important reference in the above finding, affords an
excellent means of overall buckling classification taking on board
as it does the relationships exhibited by P, to elastic/ inelastic
demarcation ('Pp'), elastic buckling (P, and )) and squash load
(Pg) considerations. It should be noted that employing £ =L/2

effectively doubles the ECCS load P this effect being somewhat

p?
offsét by the fact that n(36) is far in excess of the
imperfections w,. encountered herein as discussed in Section
3.5.1. The complex nature of the imperfection role in strut
stability is emphasised by the nature of the wg., both direct and
interpolated, e and wg.j, parametefs. The number of cases in which
a direct w,. centred 'imperfection could not be determined is
notable. This problem, detailed in Section 3.5.1, is 'masked'
when pin—ended‘ strut testing is employed; rarely are such
conditions met in engineering practice and it is to be noted that

studies into the nature of practical effective lengths are being

conducted elsewhere(62).

The primary research finding propounded above is considered

further in Fig 3.32. The central cyclic step displacement is duly
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presented in terms of the peak inelastic cyclic 1load, both
parameters being normalised to their respective buckling
equivalents. As plotted against the equally embracing modified
slenderness ratio, a concise visual presentation is afforded of
the fact that cyclic amplification of initial imperfection effects
is dependent wupon the availability of substantial. inelastic
exposure. With respect to design considerétions, the key
relationship between cyclic step and peak cyeclic loading Py is
given in Fig 3.33. The aforementioned classifications of
quasi-cyclic and formally cyclic cases are denoted and P, data is
presented in terms of both the respective specimen P, values
(C and S). This attempts to overcome the variations between the
corresponding static and cyclic strut partners' imperfections and
to provide data appertaining to the appropriate static value,
static values being the accepted medium in engineering practice.
Fig 3.33 represents the research ‘programme's primary finding in
design terms and includes a suggested empirical 1locus with

wer/ (WoL~Woer, )=5% for Py/P.<0.75 and
= -1
wey, / (WcL"WocL)lpc = (85.5-86.27P,/P.) (3.14)
for Pp/P.>0.75, noting the serviceability cut-off.
Figs 3.34 to 3.37 display computer graphic output for case
13C, typical of the quasi-cyclic batch; see Table 3.11. The
cyclic effects are small with little load shedding - note AP in

Fig 3.31. Two cyclic action phases were involved and the possibly

surprising stiffening effects best displayed in Fig 3.34 are the
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AXIAL LOAD vs. AXTAL DISPLACEMENT
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most mnotable feature, the axial stiffness, essentially E, being
increased by approximately 3%. Figs 3.36 and 3.37 show the
respectivervector traces, these not being notably different from

the static equivalents discussed in Section 3.6.1.

Figs 3.38 to 3.41 and 3.42 to 3.45 provide computer graphies output
for cases 26C and 27C, typical of the formal cyclic Dbatch
displaying a significant cyclic step. In conjunction with this,
load loss during the cyclic phase is more substantial than in the
quasi-cyclic cases but still <£10% Pp. Figs 3.38 and 3.42
similarly display a larger than formerly increase in axial
stiffness/E of apprbximately 5%. 1t should perhaps be noted that
in the quasi-cyclic cases, the change in stiffness compensates for
the load loss AP in so much that in the vicinity of buckling, the
post-cyclic 1locus crosses over the projection of the pre-cyclic
path in the P vs u loci, see Fig 3.34. However, in the formal
cyclic cases, see Figs 3.38 and 3.42, the increase in stiffness
fails to 'ciaw back' in this manner. That is, increase in axial
stiffness or E fails to overcome the inelastic increase in
deformation as assessed by the associated cyclic step; note Figs
3.39 and 3.43. 1In all cited cyclic cases, note Figs 3.34, 3.35,
3.38, 3.39, 3.42 and 3.43, the buckling state is well-defined.
The vector traces of Figs 3.40, 3.41, 3.44 and 3.45 are again of
the essentially planar form displayed by their static and
quasi-cyclic counterparts. ihis situation can be contrasted with
the pre-buckling vector trace shown in Fig 3.46 which corresponds
to case 19C. The cyclic step is associated with a distinct shift

in the vector trace, although the post-cyclic phase path and the
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AXTAL LOAD vs. AXIAL DISPLACEMENT
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displacement magnitudes involved are small. That is, the effect
is small. Given the above parallelism, it is useful to recall the
former arguments relating to buckling path orientation and
monitored imperfections w,cj, and e given in Section 3.6.1. The
apparent agreement between the orientations of w,.j and the vector
trace belies the fact that 19C was also a heavily corkscrewed case
with no direct w,. value being available; note Table 3.12 and the
typical corkscrewed topology of Fig 3.11. Summarising, planarity
of the vector trace can be disturbed by cyclic action, the
orientation of the vector trace planarity remaining largely under
the control of the complex initial imperfection interaction

discussed in Section 3.6.1.

Finally, attention is drawn to case 20C wherein buckling was
induced during the cyclic phase as denoted in Table 3.12 and
illustrated in Figs 3.47 and 3.48. As is to be expected, given
the nature of instability studies, the cyclic step and the cyclic
phase load 1loss increase dramatically with respect to the
other formal cyclic cases. Reference to Table 3.11 shows that a
relative increase of 5% in up/u|p., see cases 21C, 22C, 26C and
27C, produces a disproportionate increase in response as noted
formerly;casesgoc and 21C share common Ap. Recall that Figs 3.38
and 3.39, and Figs 3.42 and 3.43, show the respective
characteristics for cases 26C and 27C with which Figs 3.47 and
3.48 should be compared. The post-tyclic action phase value of P,
is 20%Z below that of its static partner 20S, the only such
registered case in the testing programme. This reduction suggests

that imperfection sensitive struts only suffer drastic performance
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loss due to cyclic action if buckling is actually induced during

the cyclic phase.

The nature of the struts' behaviour during the cyclic action phase
is important. Response 'temporal rates' will govern the degree of
validity possessed by an essentially“ static or pseudo-static
analysis. Consideration will therefore now be given to the

time—-dependent aspects of the C-series tests.
3.7.2 Time-Dependent Parametric Response

Typical quasi-elastic hysteresis(sl) behaviour is illustrated in
Figs 3.49 and 3.50 which relate to case 13C. These loci can be
compared with ;hose shown in Figs 3.34 and 3.35 which relate to
static (only) paths . ) The hysteresis consists of closed
loop lines(63) displaying cyclic stiffening. Cyclic phase exit
paths are variably located within the hysteresis bounds. That is,
the hysteresis‘lines are overwriting, oscillating within a band
width established earlier in the cyclic phase; note cases with
n, # 1000 - P22 to P24, 1C, 13C and 14C (cf Tables 2.3 , 3.11and 3.12),
This maximised band-width suggests that quasi-elastic hysteresis
importantly involves effectively stabilised and narrow
band-widths. The highly variable hysteresis behaviour signified
by the dual signed cyclic steps of Table 3.11 is thereby

fortunately 'bounded'. Pseudo-static interpretation would appear

to be substantive.

Two types of hysteresis occur in the formally cyclic cases.
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Finite area(64) single band hysteresis occurs for cases showing a
lesser cyclic step, ie those involving higher Ap and/or lower up
values. This is typified in Fig 3.51, case 19C, where a single
basic loop is effectively traced out by all cycles. (It should be
noted that the RV10 function generator is manually controlled and
involves a gradual attainment of full amplitude over the first few
cycles.) Again, stabilisation occurs well within 1000 cycles
although the band-width is larger and of uniform 'sign' or 'sense'
throughout. Multiple band hysteresis is illustrated in Fig 3.52
and relates to case 21C. This profile is typicél of those cases
involving higher values of c¢yclic step with lower values of
modified slendermess ratio A, and higher values of peak cyclic
displacement uy. In this situation, discrete groups of individual
hysteresis loops of finite area forward march, increasing the
band-width. Figs 3.53 and 3.54 display similar hysteresis
patterns with respect to cases 26C and 27C. Although there is a
'tightening' of the individual hysteresis loops with increasing
cycles, cyclic creep deceleration(64’65),there.is,importantly, no
cyclic creep stabilisation; incremental displacement 1is evident
with each cycle. Any proposed pseudo-static modelling for these
cases must include tratement of the cyclic step wip. The above
discussion has wutilised P vs w.p-W,.1, loci; these display cyclic
activity more distinctly than the corresponding P vs u loci.
However, as shown in Figs 3.55 and 3.56, relating to cases 26C and
27C respectively, formally cyclic P vs u hysteresis differs from
that associated with quasi-elastic hysteresis by being of uniform
'sense' or ‘'sign' (ie no .cyclic hardening) throughout and by

displaying substantially larger band-widths.
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'Finally, Figs 3.57 and 3.58 respectively display the P vs u and P
VS We] ~ WooL loci relating to case 20C which buckled during the
cyclic phase. Visually dramatic with Pp/P. nominally equal to
unity, P, as defined does not exist, the singular behaviour
represents an upper bound on the testing programme. Cyclic creep
accelerates into the buckling state before deceleration occurs
post-buckling. Given the subsequent degradation in performance,
it appears that for imperfection sensitive struts to display
catastrophic behaviour under short duration, low frequency cyclic
action, pre-buckling displacement state must be 'local' to the

buckling state.
3.7.3 Semi-Empirical Analyses - Southwell and Lundquist Plots

Given the wusefulness of their application to the static strut
studies, it was decided to attempt to employ the Southwell and
Lundquist plots in the cyclic strut studies. The objective in
each case was to obtain two distinct linear fit ranges of pre- and
post—cyclic phase form which were parallel but offset. This
implied no change in effective length due to loss of collett grip,
but inelastic amplification of the initial lumped imperfection.
It has been noted that a small increase in direct modulus E was
incurred as a result of cyclic action and this will affect the

parallelism factor.
With respect to the quasi-cyclic cases, however, the induced
cyclic step ng was so small that no effectiveiy distinct pairs of

linear fits could be obtained. Figs 3.59 and 3.60 show the
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computer graphic plots for case 7C. The locations of the cyclic
step within these plots are indicated and relate to a relatively
low value of mean cyclic stroke. Their identity is partially
masked by low load irregularities(56). In other cases, the linear
fit range sometimes included the state corresponding to the cyclic
step. Appropriate data for all quasi-cyclic tests is given in
Tabie 3.14. All cases were effectively treated as static studies.
Three cases failed to provide acceptable linear fit ranges; the

low value of P /Po=0.58 for case 11C is to be noted(56),

With respect to the formally cyclic cases, attempts to obtain
viable pre- and post-cyclic action phase pairs of plots were
reasonably successful as indicated in Table 3.15 , the cases of
inédmissibility being restricted to those with relatively low Ap
values. The respective effective 1length estimates show a
consistent and small reduction for the post-cyclic values but
these variations are in keeping with the above-mentioned increase
in direct modulus (average of +5%). Cyclic plots for case 24C are
exemplified in Fig 3.61, with the computer graphics appertaining
to case 18C being displayed in Figs 3.62 and 3.63. The location
of the cyclic step is clearly depicted throughout. In all cases
available, there is a distinct increase in the initial lumped
imperfection parameters aog and ag; due to cyclic action. That
is, the plots display, as denoted in Table 3.15, amplification of

initial strut imperfections due to pre-buckling cyclic action.
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Strut Linear Fit Range Euler Data Wy Data
Ref . (% of Fe) (um)
Southwell | Lundquist [ %s/% 21/2 ags ap1
1C 60 - 73 60 - 73 1.06 1.07 0.21 0.11
$ 2C n/a n/a n/a. n/a n/a n/a
3C 38 - 48 50 - 60 1.00 1.05 0.55 0.40
4C 49 - 59 51 - 59 1.01 1.05 0.75 0.54
5C 61 - 70 55 - 63 1.08 -1.07 0.24 0.35
6C 59 - 77 60 - 77 1.07 1.07 0.05 0.05
iC 36 - 58 39 - 59 1.03 1.04 0.39 0.33
8C " 50 - 63 40 - 58 1.03 1.05 0.70 0.52
9C (*) (*) (*) *) *) (*)
10C (*) *) *) *) (*) (*)
11C *) (*) (*) (*) (*) (*)
12C 51 - 63 60 - 70 1.02 1.07 0.35 0.10
13C 72 - 77 65 - 75 1.03 1.02 0.40 0.38
14C 39 - 53 | 55 - 64 1.04 1.08 0.36 0.25
15¢ | 59 - 66 | 59 - 67 1.04 1.06 0.37 0.34
16C 37 - 49 31 - 48 1.01 1.08 0.44 0.24
17C 53 - 64 53 - 64 1.03 1.02 1.54 1.63
(*)=inadmissible ranges $=static test n/a=not applicable

Table 3.14; Quasi-Cyclic Struts - Southwell and Lundquist Plot Data
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3.8 ADDITIONAL TESTS
3.8.1 Comments

Three series of additional stub and strut tests were conducted for
purposes of data control. Six stub tests were undertaken using
additional material to ascertain the effect of quasi-elastic
hysteresis on structural specimens independent of stability
considerations, ie low ). Nine strut specimens were subjected to
a 'section bending' process in order to investigate the static
performance of the CHS specimens in the presence of larger
imperfections - the high quality of the ESWR specimens employed
having been specifically discussed. Use was made of facilities
available in the South Yorkshire coalfield to achieve the
necessary circular arc profile for the nine strut specimens -
section bending is wused to ©provide runway roofing. The
cold-forming technique employed will not only generate larger
initial curvatures but also set up residual stress leading to
complex high order imperfections. Alternative control using
highly imperfect struts was also achieved by re-testing,
statically, six previously buckled specimens from the mainstream
testing programme. However, as three of the specimens had
previously been tested cyclically, additional control on fatigue

and comparative cyclic/static assessment was also made available.
3.8.2 Cyclic Stub Test
Table 3.16 gives the key data appertaining to the six additional
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Stub Mode Pre- Post~
Ref s-static | cyclic E | cyclic E ap 1D; oy=305N/mn?
| c-cyclic | (kN/mm?) | (kN/mm2) | (kN) E=201kN/mm?
1D S n/a n/a n/a 2D; oy=294N/mm2
2D S n/a n/a n/a E=205kN/mm2
1D L(2) c 199 204 -0.3
(b) C 200 206 0.5
2p |(a) c 204 212 2.5
(b) c 203 210 2.1

Table 3,16 ; Cyclic Stub Test Data

Strut A M YocL (um) P P./Pg
Ref Pinned | Encastré (kN)
VYoclL YocE
28 | (a)] 0.98 5.33 2.48 101.0 0.68
(b)| o0.98 5.80 2.70 104.0 0.71
29 | (a) | 0.90 5.20 2.67 94.7 0.75
(b) 0.91 8.47 4.27 90.6 0.72
30 | ¢a) | 0.98 9.67 4.63 94.2 0.63
(b) | o0.97 7.50 3.79 96.3 0.68
31 [(a) | 0.96 6.79 3.24 99.5 0.70
()| 0.97 8.06 3.89 95.2 0.67
32| ¢a)| 0.87 7.37 3.62 75.7 0.80

P, average = 95kN; P./Pg average = 0.67
Table 3.17 ; Synthetically Deformed Strut Test Data

Strut Ref 1R 2R 3R 4R 5R 6R | Average

original
Strut Ref | 5§ 10 | 10c | 13c | 158 | 15¢c -

VocE (mm)

encastré 18.8| 26.41 18.11 20.9]| 27.9} 23.6 22.6

P, (kN) 70,6 61.1( 71.1| 65.3| 59.4| 58.2 64.3

Original
P.(kN) 106.4 | 106.8 ] 111.0]105.3]112.5}111.9| 109.4

Table 3.18 ; Retested Strut Test Data
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stub tests conducted on CHS material cut from two further runs of
steel, demarked 1 and 2 respectively. Tests 1D and 2D were purely
static to establish appropriate E and oy/proof stress data; mnote
Section 3.4.1. The cyclic action profiles implemented in the
remaining four tests were constrained to maintain cyclic action
wholly within the nominally linear elastic range. Figs 3.64 and
'3.65 display typical behaviour. As shown in Table 3.16, the post-
cyclic stiffness increases in accordance with the findings of
Section 3.7.1, with the post-cyclic modulus E being clearly deemed
to be the agent of this increase. Quasi-elastic hysteresis is a
random phenomenon(Sl) and this is borne out by the results
obtained. The characteristics of the densely grouped 1line
hysteresis displayed in Fig 3.64 are of similar form to those
obtained in the quasi-cyclic strut tests, note also AP in Table
3.16, showing imperfection sensitivity and slenderness ratio are
not of importance with respect to the random quasi-elastic

hysteresis phenomenon.

3.8.3 Synthetically Curved Struts

Data appertaining to these static strut tests is given in Table
3.17. Strut Ref 32(a) overwrites case 165 as discussed in Section
3.2.2, the remaining samples being strut pairs from the denoted
7.5m section rums; for all cases, )\=80. Due to the 1larger
geometric imperfections induced, correlation between the lathe-
centre or pinned mode w,.j data and the corresponding encastré
mode data w,.g is lost; note Section 3.5.1. These imperfection

values are an order of magnitude higher than those of the
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Figure 3.64 ; Cyclic Stub Test (Autographic) Output
- Stub Ref. 2D(a)

o STUB TEST OUTPUT
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».

[static locus]

post-cyclic E
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Figure 3.65 ; Cyclic Stub Test : Computer Graphic Output
- Stub Ref. 2D(a)
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mainstream strut tests. Comparison with the average P./Pg value
for the mainstream étatic strut tests with )=80 shows an average
reduction in P./Pg of some 20%; from 0.83 to 0.67, note Tables
3.12 and 3.13. Fig 3.66 shows a typical P vsw,j-w,.y, locus with
apparently negative pre-buckling stiffness. Fig 3.67 shows the
corresponding vector trace explaining this apparént anomaly, with
planarity of the buckling path clearly invalid. The path 1is
subject to a complex interaction of larger imperfections, noting
particularly the implications of clamping a circular arc initial
strut topology. It should be noted that P, in case 32(a) is

approximately 12% lower than the P. of case 16C.
3.8.4 Re-Tested Struts

A final six static tests upon struts of a heavily imperfect form
were undertaken using previously tested specimens. Key data is
given in Table 3.18; note the large values of wy,.g recorded in
comparison with those of Table 3.13 . Reductions in buckling load
of the order of 40%Z were obtained and latgral displacement at
buckling increased significanﬁly. Tﬁe éreviously cyclically
‘tested struts, as anticipated, showed no sign of fatigue having
been induéed due to the former cyclic action. The correspondence
between the re-tested data for both the S and C type cases
reinforce the finding that the quasi- elastic hysteresis
associated with the quasi-cyclic tests does not significantly
affect static strut performance. Fig 3.68 displays a typical
re-test P vs w.j~Wyc, locus H the corresponding vector traces

are planar as is to be expected given their re-tested nature.
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AXIAL LOAD vs. MID-SPAN RESULTANT LATERAL DISPLACEMENT
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Figure 3.66 ; P Vs Wqp =~ Woel, — Strut Ref. 32(a)
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MID-SPAN LATERAL DISPLACEMENT VECTOR TRACE (PLAN VIEW) re: P ( Pc

Figure 3.67 ; Vector Trace (PsPc) ~ Strut Ref. 32(a)
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3.9 SUMMARY

The findings of in excess of 200 computer governed large scale
tests have been presented and discussed. Further deliberation
will follow the theoretical modelling set out in the next chapter.
Key data has been summarised in Tables 3.11, 3.12 and 3.13 whilst
primary findings are typified by Fig 3.33. A schedule of tests is

given in Fig 3.69.

Considerations will now be given to a theoretical study with
regard to which attention is drawn to the nature of the cyclic
step (wlp or, with respect to £=L/2, w!) and the fact that upto
four different forms of identifying the initial out-of-
straightness are available for each strut. Finally, the
importance of )\, values wupon strut performance has been
specifically recorded. This demands that particular attention be

given to the matter of constitutive modelling.
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Preliminary Tests

Chapter 2

Y

Cut specimens from runs

(struts to afford )=90)

Y

Metrology

 {

Stub tests (static)

A

Tensile Tests

1

Out-of-straightness (Wyn1,/Wong)

on struts (static & cyclic)

\ i

Strut tests ()=80)

static & cyclic

A 4

Strut tests (70 A <90 # 80)

static and cyclic

!

Synthetically deformed and retested struts

y

Cyclic stub tests

Figure 3.69 ; Schedule of Tests

164




CHAPTER 4

THEORETICAL STUDY

4.1 INTRODUCTION

Given the complexities associated with inelastic strut behaviour,
their planar static analysis invariably involves numerical or
approximate techniques. A variety of approaches have been
established(335,66,67,68)  with finite element(55,69) and tangent
stiffness(70,71) studies being prominent amongst them.
Constitutively, three phases of behaviour have been identified,
the 'elastic', the 'primary plastic' and the 'secondary plastic'
phases(72). The first phase relates to those zones of the strut
which are only stressed in the elastic range, the second to those
in which yielding occurs in the compressive fibres, whilst the
'secondary plastic' phase involves those zones of the strut in
which yielding occurs in both tensile and compressive fibres.
Strut analysis also involves their interaction, a task requiring

considerable computational effort.

It is against this background that the present theoretical studies
are set and the following decisions were taken with regard to
their implementation. With the primary purpose being to analyse
static strut behaviour subject to the effect of a phase of pre-
buckling cyclic loading, a fully static model was to be initially
produced. This static model was to involve the aforementioned

three zonme constitutive relationships. In an attempt to simplify
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this involvement, a novel moment-thrust-curvature function, of
central importance to the theoretical studies, was derived.
Computational amenability was completed by employing a
representative spring-link strut model approach(3:35) Spring-link
modelling as introduced in Section 1.4 provides an excellent
research tool, enabling convenient and representative
quantification of system parameters. System performance was to be
couched.in terms of virtual work(73’74), and analysis was to be

continued well into the post-buckling range.

Inclusion of cyclic effects was to be centred on representation of
the cyclic step as exemplified in Fig 3.33 and Eqn (3.14).
Experimentation had shown this to be the primary effect of a pre-
buckling cyclic action phase and modelling the appropriate pseudo-
static characteristics as delineated in Fig 3.31 was thereby
deemed to afford sufficient definition of the problem.
Concentration was placed upon flexural behaviour, this being
considered to be the quintessential arbiter of buckling
performance. End-shortening wmodelling was to be 1largely

intuitive.

The model was to accommodate imperfections in the form of an
initial central transverse displacement, data for this parameter
being provided from the experimental programme in the form of wy.—
direct, wy.-interpolated, a,g (Southwell) and a,; (Lundquist).
The latter pair of parameters should provide for the correct
planarity of action and inclusion of eccentricity of loading and

residual stress (however small) effects. Upto four theoretical
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models per strut case analysis are thereby provided for, case

assessments being detailed following derivation of the model.

Theoretical studies are based upon an effective length £ (=L/2)
and the necessary transformation for experimental flexural
deformation data is carried out in accordance with the discussions
of Section 3.5.1, see Eqn (3.10) for example, and Section 3.6.2,
noting Fig 3.28 in particular. Essentially, all prototype
flexural deformation parameters are halved with respect to model
studies, confidence in the deemed experimental assumption of 2=L/2
being provided by the effective length assessments given in Tables
3.10 and 3.14. The non-dimensionalised cyclic step ratio denoted
in Eqn (3.14) is invariant. Resulting theoretical or model
flexural deformation values are then doubled for wuse in

theoretical/experimental assessment employing prototype loci.

Computer resident algorithms were empldyed throughout using 64-bit
based routines for solution of the resultant non-linear
expressions. Computer graphics were employed for parametric
output and the appropriate files were interactively controlled to
enable appropriately fine incrementation in the vicinity of the

buckling state.

4.2 FORMAL STATIC MOMENT-THRUST-CURVATURE CONSTITUTIVE

RELATIONSHIPS

An encastré CHS strut is illustrated in section and half-

.elevation, noting the relevant symmetry, in Figs 4.1(a) and (b)
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respectively. The appropriate three-phase constitutive
topology(72) is shown in Fig 4.1(c) with &) and €9 denoting the
respective maximum compression and tensile direct strains, o7 and
oy the corresponding maximum elastic stresses and parameters Kkj
and ko denoting non-dimensional elastic core delineators. Yield
zones are hatched in the half-elevation profile. 'Idealised
elasto-plastic behaviour is assumed , the stub test
experimentation, noting Section 3.4.1 in particular, supporting

this assumption overall.

General moment, thrust and curvature relationships at any

centreline location are derived employing

P=P, = { Oxy dA (4.1)
MEMX= J; nyy dA (4.2)
v=v,= (g1-€)/D (4.3)

y denoting the spatial coordinmate orthogonal to x. Eqns (4.1) to

(4.3) are evaluated for each of the three phases, resulting in

P = AE (g9+VD/2)

(4.4)
M=EIv (4.5)
V=(€1 -€2)/D . (4.6)

_for the elastic phasé
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y3

P= PS + ED2 t\)[ k1 (:OS--1 (k1) -k1 - (1"k‘: ]
2

M=ED £y [ kq(1-k])? +cos™" (k) ]
8

v =2(ey - €7)/D(15kq)
for the primary plastic phase, and

P=Pg [ey [ sin™ ! (ky) - sin” | (k) ]
EyTT

+VD =gy [ (sin” (k) +sin ' (kp) ]
2

s [ -kt - () ]
2

£[€y+€2-_\_)2(1 +k1/2) ]

M=2ED2t [(1-kf)
% 2

+ (1—‘&;)i [ey-sz—yg(kz/z- 1) ]
2

+VD [ sin_1(k1) +sin—1(k2) ] ]
A

for the secondary plastic phase.

The above are represented in graphical terms

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

(4.12)

in Fig 4.2, the

moment—-thrust-curvature expressions being evaluated in terms of

n=P/Pg using an open form solution procedure(75).

The dashed

asymptotes relate to the respective plastic moments of resistance
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in the presence of axial thrust, Mpn, these asymptotes obeying
Mpn=Mpcos(n'n'/2) sV > o (4.13)

as required by the sectional geometry of Fig 4.1(a), Mp denoting
the fully plastic moment. Fig 4.2 is presented in non-dimensional
form, values being normalised to first yield moment My and
curvature vy. Noting the complex natures of Eqns (4.7) to (4.12),
then specific values for E and cy‘must be employed for Fig 4.2,
the values actually employed therein being the respective average

values obtained from the stub testing programme; see Section

3.4.1.

Eqns (4.4) to (4.12) relate to a complex stress-strain régime and
are computationally unwieldy, particularly given the need to
interface these three phases in accordance with the relevant

governing system requirements.
4.3 NOVEL CONSTITUTIVE MODELLING

It was considered that the provision of a continuous moment-
thrust-curvature function would do much to overcome the problems
associated with implementation of the three—phase constitutive
modelling. Previously published work relating to simplification
of Eqns (4.4) to (4.12) has been restricted to the use of curve-
fitting, with respect to loci of the form illustrated in Fig 4.2,
involving the use of several ©piecewise connecting sub-

functions(76,77), Noting work elsewhere in the modelling of
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non-conservative forces using exponential functions(78), a search
for a suitable and unique moment-thrust-curvature expression was
undertaken. Tﬁo primary constraints were placed wupon the
perceived function; first, initial behaviour must be in accordance
with linear elastic characteristics and second, compliance with
the asymptote behaviour denoted above must be present. The basic

form of the function required was perceived to be of the form
-f[M v
M=Mpn(1—e [ pn » ]) (4.14)

and various attempts were undertaken to refine the modelling,
conducted employing interactive computer graphics. This

refinement resulted in acceptance of

M = Mpcos (nm/2) (1,_e’[EIV/(Mpcos(nn/2)’+c(1—n)v2])

(4.15)
where c=123x106mm2, a sectional constant. Eqn (4.15) is valid for
0<n<1, and the performance is typified by Fig 4.3. The initial
gradient of Eqn (4.15) with respect to the format of Fig 4.3 is
given by 3M/9v=EI which accords with 1linear elastic theory.
Asymptotes for all respective n are as required with 1/e® =0 as Vv
apprgaches o, Eqn (4.15) is also capable of being conveniently

normalised to first yield values of moment and curvature, with
-1 2
M/My==rscos(nwl2)(1 _e-[v(vyrscos(nﬂ/2)) +c(1-n)v ]) 4.16)
where rS=Mp/My denotes the respective shape factor.
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The above formulation represents a unique and fully differentiable
modelling of Eqns (4.4) to (4.12) and affords a computationally
- amenable format. Static strut modelling is now undertaken with a
view to implementing the foregoing in a structural system of

similarly accurate yet convenient form.
4.4 SPRING-LINK STRUT MODEL

Representative spring-link modelling was introduced in Section 1.4
with respect to elastic strut stability. Fig 4.4 illustrates a
typical spring node i as displaced from an idealised zero datum
state. The slopes of the adjacent links are given by ©; and 63
respectively, the angle tkhrough which the spring stiffness kj

works thereby being 0j =6;_.1-6j. Nodal V; therefore takes the form
Vi =0Li/‘[(cosei_1+0056i)2i/2] >0/ = (Bj-1-01)/24 (4.17)

wherein the degree of system non-linearity is restricted(24). The

spring moment M; is given by
M; =k;04 ‘ (4.18)

where spring stiffness k;j=f(0;) for non-linear constitutive

behaviour; see Eqn (4.15).
Fig 4.5 accordingly depicts a four-link strut model appertaining

to an effective length £ with kj=kg=0. The system is considered

to be symmetrical, effectively possessing two degrees-of-freedom,
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say ©; and 6. Net central displacement is given by w.-wqe,
noting the‘imperfect structural datum essentially defined by 9Q]
and 8pp. Values for these parameters are deduced from rigid body
geometry, w,. data obtained from the experimental programme and
acceptance of an initial sinusoidal profile. The imperfect datum

requires curvature \V'; and moment Mj to become

V= (aj-ag;)/(8/4) =4(0;_1-60(3-1)-0i+0pi) /% (4.19)

and

Mj =kj (a; -ag;) | (4.20)

where k; represents employment of Eqn (4.16) subject to the
appropriate substitution of Eqn (4.19) for curvature V=V; and with

Mi=M.

End shortening u neglects axial straining u,, with flexural end
shortening represented by ugf. Net end shortening is thereby
formally written

u-ug=ufs-ugm =2,(C08601—C0861+v cos,eoz—cosez)/Z (4.21)

as denoted in Fig 4.5. Axial modelling for imperfection sensitive
struts must include axial strain effects and this feature is

discussed in Section 4.9.

Eqn (4.16) subject to Eqns (4.19) and (4.20) thereby defines the

strut model characteristics involved. The next section employs
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the virtual work method to set up the necessary system equations.
4.5 ANALYTICAL VIRTUAL WORK FORMULATION

Denoting the internal virtual work by 6U, then

6U = Z [M; . G(OLi-OLOi)] (4.22)
i=2,3,4

The external virtual work, 6W, takes the form
W = PG(uf-uo) (4.23)

For statics

SU = oW , (4.24)

Incorporating relationships established in Eqns (4.19) and (4.21),

then Eqns (4.22) to (4.24) gives

i;,l‘ [M; 6(61_1 - So(i_1)— 0; + eoi)]

= PR §[ Coseo1f C0591 +COSGOZ-C0862) (4.25)
Substituting from Eqn (4.15), recalling M=M; and v:ﬁi’ and

employing 8U=(03U/80;)68; . with OW=(3W/236;)80; gives, for i=1,2

noting the symmetry in Fig 4.5
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- [zA(ez,-,e'oz) + 4B(62—602)2]

3 [ 2Mpn (81-8pp) *e M [A+4B(8=00) 1

_[A(e1-e0 +e )-rB(e -6, 62+902) ]

+ 2e ,Mpn[A+2B(61—801—62+902)]'1

= 9 [%%(coseo1-cose1+coseoz-cosez) J’ (4.26)

where A=4EI/(% Mpn) and B=16c(1-n)/22. Differentiating affords

sin61-+sin62==4Mpcos(nﬂ/2)(1—e-c)/P£ | (4.27)
and
sin61==4Mpcos(nﬂ/2)(1-e-D)/P2 (4.28)
where
CcC= 8EI(62 02) + 4ec(1 n) (62 02) ,
lMpcos(nﬂ/Z) (2/4) (4.29)
and
D=4EI(61 6,- 901 ) + c(1- n)(e ~6,- eo1+e )
Mplcos(nﬂ/Z) (2/4) . (4.30)

Eqns (4.27) and (4.28) represent the pair of non-linear
simultaneous equations which effectively govern the flexural

system behaviour. Although highly non-linear, they provide an
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extremely simple modelling procedure to the static strut problem,
with only two equations covering the entire constitutive history.
Whilst they can be applied directly to static case studies, their
implementation with respect to struts subject to a pre-buckling
cyclic action phase requires some further modelling development.
This and the related matters of imperfection inclusion and

solution algorithms are discussed in the following.
4.6 APPLICATION AND SOLUTION PROCEDURES
4.6.1 Static Studies

As noted iabove, the treatment of static strut studies requires
only the provision of the appropriate data for use with Eqns
(4.27) and (4.28). Case studies were undertaken for all static
strut tests employing individual constitutive and geometric data.
Most notable, perhaps, was the treatment of imperfections 6p; and
802. Data for woc, from which input values for 6p) and 8 were
deduced, was available in upto four forms per case, w,. being
provided by both direct and intérpolated means as well as by agg

and ayj, the Southwell and Lundquist versions of w,. respectively.
4.6.2 Cyclic Studies

Struts subjected to a pre-buckling cyclic action phase require the
inclusion of an additional procedure to allow for the cyclic step

2wé(=wéL, the appropriate transformations between displacement

values based upon effective and nominal lengths being discussed
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previously). Attention is also drawn to Fig 3.31(b).

Considering first the use of Woe direct and interpolated data,
then analysis for OSP<Pp, mean cyclic load Pj being a prescribed
system parameter, is conducted in the accepted static manner,
-together with determination of the respective equivalently fully
static buckling 1load 'P.' and attendant central transverse
displacement '(Wc-woc) |p,'. The displacement at the Py state is
then deemed to increase by cyclic step parameter wé, load loss due
to hysteresis, note AP in Fig 3.31(b), being considered
negligible. A new post-cyclic static state (Vc'Woc+wé>|g;,P& is
thereby established, the magnitude of wé being determined from Fig
3.33 or Eqn (3.14). The invariance of the non-dimensionalised
cyclic step as delineated in Eqn (3.14) is to be recalled. Use of
Fig 3.33 or Eqn (3.14) requires prescribed P, and knowledge of the
equivalently fully static values for 'P.' and '(w.-Wgc) 'Pc'

obtained as above.

The immediate objective now is to determine a new or revised value
of initial imperfection 'w,.' that would generate a load-
displacement locus that would pass, statically, through the above
delineated post-cyclic static state (wc-woc+wL) ,Pé,Pé. This
static-type procedure was undertaken on an iterative trial-and-
error basis, the revised value of initial imperfection being
indicative of cyclic hysteresis amplification of initial strut
imperfections. Once this amplified imperfection has been
determined, a revised static analysis is conducted through to the

post-buckling range in accordance with accepted procedures.
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Finally, therefore, the overall pseudo-static modelling involves a
static path based upon the respective initial imperfection for
QSPSP&, implementation of the cyclic step based upon the empirical
design curve of Fig 3.33, followed by a second static analysis
employing the appropriate cyclically revised imperfection through
buckling for BZ?&. This 1latter step provides the effective
pseudo-static or post-cyclic buckling load associated with cyclic
studies, P., together with the corresponding central transverse
displacement. Referring to Fig 3.33, quasi-cyclic cases, note
Table 3.11, employ the lower 5% cut-off value for the cyclic step.
However, given the small values of c¢yclic step involved, a
standard static analysis of the respective strut case 1is

considered to be of sufficient accuracy.

With respect to employment of the iumped(56) Southwell and
Lundquist imperfection parameters a,g; and a,}, a different cyclic
analysis procedure is utilised given the existence, where
feasible, of distinct pairs of pre- and post-cyclic action phase
values of a,g and ayj;. Each cyclic strut case analysis consists
of two static loci, one employing the pre-cyclic value of a,g or
agl, the other employing the corresponding post-cyclic value. For
05?5?&, the former locus is valid, while the latter locus is valid
for Pzpé, the effective pseudo-static locus being completed by a
transition line joining these two part-loci at P=Pé. It is
pertinent to note that for those cases of the Southwell and
Lundquist plots in which only a post-cyclic linear fit range was
available, see Table 3.15, the appropriate pseudo-static or

post-cyclic buckling load P. and its attendant central transverse
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displacement remain accessible. For the quasi-cyclic cases, note
Table 3.11, single static-type linear fit ranges were employed as
denoted in Table 3.14, and, analytically, standard static strut
procedures were followed in the manner described in the preceding

section.
4.6.3 Non-Linear Solution Routine

Having established the means by which Eqns (4.27) and (4.28) were
to be applied to the imperfection-seunsitive static and cyclic case
studies, the procedures by which the resulting expressions were
actually evaluated <can be considered. For computational
convenience, Eqns (4.27) and (4.28) were actually rewritten in the

form
91==sin—1[(4Mpcos(nﬂ/2)(1-e-c)/P£)-sin62] (4.31)

and

0=(1- e-D) - PLsinb/4Mpcos (nT/2) (4.32)

recalling that Cand D are given in Eqns (4.29) and (4.30) respectively.
With only two equations to solve, an in-house solution procedure
was established employing suitable tolerance values. The solution
procedure consisted of prescribing P(n), estimating 6, and
determining the corresponding value of 67 from Eqn (4.31). The
three values were ‘substituted into Eqn (4.32) to provide a
'remainder' with respect to which 67 was re-estimated and a

revised value of 6; obtained from Eqn (4.31), Eqn (4.32) again
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acting as control. The procedure was repeated until a 'null'
condition of #1x10~ 2 was achieved. This procedure was adopted for
all specified wvalues of P(n). For 1low values of P(n),
particularly small estimates of 67 were required corresponding to
the pre-buckling path, with second roots defining the
post-buckling path becoming acceptable as the load values of P(n)
increased. Fine incrementation was employed as P(n) reached
" buckling, this being the state at which the two relevant roots
become coincident. The foregoing procedure included provision for
a cyclic step as necessary, transverse displacement being
singularly increased at P=P; in accordance with the principles

established in Section 4.6.2.

Both pumerical and graphical output were provided. The latter
involved fhe merging of both the corresponding numerical and
experimental data files for each case study. Initially, however,
the performance of the model is exemplified in more generalised

terms in the following section.
4.6.4 Static Strut Amalysis, A\ =1

Typical numerical modelling performance is typified in Fig 4.6
with Xm=1 and constitutive data in accordance with BS 5950(36),
For the quasi-idealised case (wy.=0), the squash and critical
loads are coincident and inelastic strut imperfection sensitivity
is maximised. Imperfection loci corresponding to three arbitrary
values of w,. are also shown. Locus (a) employs an imperfection

corresponding to case 18C (Ap=1), thereby approximating to a
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o

specific experimental case study (nb E, oy and C specification).
It is considered that the 1loci are consistent with established
data and conducive to confidence in application of the model. The
quasi-idealised locus acts as an ‘'envelope' to the appropriate

imperfect 1loci.
4.7 CASE STUDIES; STATIC ANALYSES

Theoretical studies were undertaken for all mainstream static
tests; see Table 3.12. Upto four analyses were possible in each
case, these respectively employing the four different types of
imperfection parameter Woc—direct, Woc—interpolated,
apsg~Southwell, and agyj-Lundquist. Only wgy.-interpolated analyses
were available for all static case studies. Figs 4.7 and 4.8
illustrate typical theoretical performance in terms of prototype
or L-based values, with wy.—direct type modelling showing well in
both the 185 and 218 cases depicted; such wy.—direct planar
modelling was not available, however, in 10 of the 26 static strut

cases denoted in Table 3.12.

Sample static strut modelling data is given in Table 4.1 with
theoretical Dbuckling 1loads being given in terms of the
corresponding experimental wvalue. The consistently lower bound
nature of the Southwell-based results is most noteworthy. As
denoted in Section 3.6.2, a,g and a,) data was available for most
- 19 and 18 cases respectively - static strut cases. Given the 2
degrees-of-freedom analyses employed, the modelling data is

considered to be particularly good. The majority of theoretical
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Figure 4.7 ; Case Study - Strut Ref. 18S
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—3 Experimental Locus
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x 3 Direct wy. Based Locus
2 a3 Interpolated wy. Based Locus
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Figure 4.8 ; Case Study - Strut Ref. 21S
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Strut Theoretical Buckling Load (% of experimental value)
Ref . Southwell Lundquist Direct Interpolated
3S 88.7 . 103.3 n/a 91.6
58 89.9 102.4 102.4 99.6
98 91.4 101.4 n/a 101.4
158 92.4 100.0 n/a 94.7
178 94.9 108.8 88.5 94.0
18S 95.9 100.8 96.7 92.9
208 95.3 99.0 111.3 109.0
21S - 94.2 101.9 95.6 90.1
228 92.0 98.5 n/a 96.2
24S 96.6 91.4 96.1 86.2

n/a - not applicable
Table 4.1; Sample Static Strut Data - Theoretical Buckling

Load Assessment

Strut Theoretical Buckliﬂg Load (% of experimental value)
Ref. Southﬁell, Lundquist Direct Interpolated
3C 91.7 95.4 96.9 91.4

4C 90.3 93.9 97.2 92.0

7C 93.4 94.7 n/a 95.7

8C 88.4 91.5 98.2 91.0

12C 94.6 104.9 n/a 96.3

n/a - not applicable
Table 4.2; Sample Quasi-Cyclic Strut Data - Theoretical

Buckling Load Assessment
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static P, ValueskWefe of conservative form in keeping with Figs
4.7 and 4.8 and Table 4.1. Overall .static modelling average
values are summarised towards the end of this chapter. It is
considered that the data trends illustrate satisfactory
performance, with convergence to the appropriate experimental
post-buckling path, wherein the effects of 1imperfections

degenerate, being well displayed in Fig 4.8 .
4.8 CASE STUDIES; CYCLIC ANALYSES (PSEUDO-STATIC MODELLING)

Theoretical studies were conducted for all mainstream cyclic
tests, note Table 3.12, with upto four analyses per case being
available as noted in the previous section. Given the small and
highly variable nature of the cyclic step involved in the quasi-
cyclic cases,ie 1C to 17C, less 2C , it was deeﬁed appropriate to
treat these cases as effectively static, note Section 3.7. That
is, with respect to the w,.,, direct and interpolated approaches,
the 5% cut-off of Fig 3.33 was considered to be equivalent to a
minimal effect as suggested in Section 4.6.2. Support for this
interpretation is provided by an appropriate case-study. Also
noted in that section was the fact that only single, static- type
linear fit ranges were obtained in the respective Southwell and
Lundquist plots; see Table 3.14. Accordingly, similarly
static-type agg and a,; analyses were also applied to the quasi-

cyclic cases.

Table 4.2 contains sample theoretical modelling data appertaining

to the quasi-cyclic studies. Values for buckling load are largely
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conservative, typical of the 16 strut case-studies undertaken;
overall average model values are considered in the summary of this
chapter. The theoretical and experimental load-displacement loci
for cases 3C and 7C are illustrated in Figs 4.9 and 4.10, no
Woc—direct analysis being available‘ for the 1latter case; note
Table 3.12. These loci display typical theoretical performance,
employing static modelling. The performance 1is considered
satisfactory, particularly given the loci shown in Fig 4 .11 which
incorporates a wy.-direct analysis of case 3C, note Fig 4.9 ,
which includes a 5% cyclic step with no cyclic load loss in
accordance with the dictates of Fig 3.33. Whilst deformation
characteristics are improved, buckling load estimates
correspondingly suffer and, overall, little is considered to be
effectively gained whilst computational effort is significantly
increased. This is particularly so for case 3C as two distinct
cyclic action phases were included, causing transverse
displacement to be doubly augmented whilst the buckling load is
doubly diminished. Given the highly variable nature of the cyclic
step in the quasi-cyclic strut cases, note particularly the signs
of wir/(Wep=voer)] p. in Table 3.11, there is a danger of over-
conservatism in strictly adhering to the 5% cut-off rule of Fig

3.33.

The opportunity is taken in Fig 4.11 to clarify the 'equivalently
fully static buckling load' referred to in Section 4.6.2. This
load is denoted by P.5 and indicates that buckling load
theoretically predicted from a fully static analysis with

reference to struts suffering a cyclic action phase. Strictly,
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—3 Experimental Locus

4 o i Southwell a, Based Locus
p ; Lundquist a, Based Locus

3 x j Direct wy. Based Locus
2 a i Interpolated Woo Based Locus
1
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Figure 4.9 ; Case Study - Strut Ref. 3C

x101
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p 3 Lundquist ap Based Locus
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Figure 4.10 ; Case Study - Strut Ref. 7C
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quasi~cyclic cases analysed in a static manner, see Figs 4.9 ‘and

4.10 and Table 4.2, generate P,g values.

With respect to the nine formally cyclic cases, 18C to 27C less
20C, the four analytical approaches were applied, as feasible, in
accordance with the pseudo-static modelling procedure delineated
in Section 4.6.2. Table 4.3 presents the appropriate theoretical
buckling load values in terms of the’ respective experimental
value. Given the central importance of these nine, ten including
20C, cases, the theoretical values apperiaining to the
corresponding static strut cases, note the previous section, are

also included in Table 4.3 for comparison.

No theoretical study is made in the case of 20C as it relates to
buckling being incurred during the cyclic action phase and is
therefore beyond the sub-buckling cyclic action category. Despite
the cyclic step being considered excessive with respect to
serviceability requirements as denoted by the upper cut-off value
in Fig 3.33, analysis for case 27C is includeq. Unsurprisingly,
neither Southwell nor Lundquist plots were available for this
case. Additionmally, agg and a,] values were not available for
cases 25C and 26C, these last three cases all possessing low Xm
but high u; values; see Section 3.7.3 and Tables 3.11, 3.12 and
3.15. It is considered that the Southwell-based analytical values
for P. are of exemplary form, being consistently conservative
throughout. The respective static and cyclic theoretical
percentages show a relative decrease in accuracy overall in the

cyclic cases. Given the greater degree of complexity involved,
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this is to be expected. The average values given in Table 4.3 are
considered satisfactory, particularly given the two

degrees—of-freedom nature of the modelling.

Figs 4.12 to 4.17 illustrate typical load-displacement loci. The
cyclic step, 'horizontally' modelled in the theoretical studies,
is clearly depicted, with case 18C of Fig 4.12 providing for
employment of all respective theoretical cyclic 1loci. General
points to note include post-bucklihg convergence with the
dramatic experimental buckling increment delaying this in Fig
4.13, the delightful Southwell-based locus of Fig 4.14, the ready
availability of wy.-interpolation loci and the problems associated
with static-cyclic correlation. as highlighted b& the respective
experimental loci in Figs 4.15 and 4.16, the former being
apparently pathological whilst the 1latter case is thoroughly
well-behaved. Fig 4.13 shows good wy.-interpolated performance
whilst the pre-buckling characteristics of the Southwell-based
locus are exemplary. Fig 4.17 relates to case 27C which includes
the 1largest cyclic step recorded - excluding case 20C - and
modelling suffers accordingly although this case is deemea to
exceed serviceability requirements as noted in Fig 3.33. It is
considered that the theoretical pseudo-static interpretations
employed provide for satisfactory modelliﬁg of the physical
phenomena associated with the low cycle, low frequency inelastic
hysteresis involved; see Sections 3.7.1 and 3.7.2. By employing
upto four alternative imperfection values for each strut case,
data trends, reflecting the above denoted statistical/empirical

nature of strut design, are definitively established.

196 |



D8l *3°oy Inilg -~ £pnig asED

€

Zhy @an31g

e Sy ey s¢ et sz ez s} e} s o
() 100, _ oy
i
20

sndoo] paseg M pejelodisjul OTIT0L) § ¥
20 Z

SNDOT paseg M 3ID2ITQ IOTT24D § %

SNoO0T paseg % 1sTnbpung o17949H t o
SNooT poseg e TI9MyaInog 9TT24) ¢ ¢ €

SN207T TeIUSWIIAAXY ITITDLD ¢
* ¥
S

[1Te3uswTaadxa] doals OTT04D

197



061 *¥9¥ 3Inilg - Lpnig asen ¢

(uu)POm 1P m

€1°y 2and1g

ey o sz ez s o) g 2
L 1 @
{
' A

snoo] paseg °0M pajeiodasjuy ¢ V

snoo peseg Oe 3stnbpung ¢ O * €

SNOO0TT poseg Ov Tlemyanog ¢ O i
14

snoo Tejuawriadxy

Tl Juswaldur JurNong It._

X

198

CNYD

a1l

N
101X



x10!
13, P(kN)

12,
11
10

84

cyclic step [experimental]

. Sﬁ Cyclic Experimental Locus
4 0 § Cyclic Southwell a Based Locus
i X § Cyclic Direct Yoe Based Locus
3] A Cyclic Interpolated Yoo Based Locus
2]
1
e Vel ~Vocr,  (mm)
e [ 1e is 20 25 38 35 10

Figure 4.14 ; Case Study - Strut Ref. 21C

xipt
13,
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(kN>

a ; Interpolated w,. Based Locus

|
4]/l
3 ll -=3 Static Experimental Locus
2 l -3 Oyclic Experimental Locus
, !
04 . r r x r r — r .
e S 1e 15 20 25 30 35 40 45

WCL" Wod_(mm)
Figure 4.15 ; Case Study - Strut Ref., 22C
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/- cyclic step [experimental]

(kN> 74
r
6]
4
sS4 — 3 Experimental Locus
4 a ; Interpolated w,,. Based Locus
3'1
2,
1]
4
e T T T T T T 1
2} S 18 15 20 25 3e 35
W~ Wocl(mm)
Figure 4.17 ; Case Study - Strut Ref. 27C

= Dwge = cyclically amplified
/ | Pseudo - static locus (initial) imperfection
Py - AP=0 for struts subject to
/I[cf fig3.31] a cyclic action phase
/ ' | |
/
/ v
! cyclic
U step
/ ! '
I ——-l o e A(wc -woc)lpc(s)
I i Ve = Voc
A ! 4 —
1 i b
- "Awoc We = Vo o e = ¥ocllp,

Figure 4.18 ; Pseudo - Static Model Characteristics

201



Finally, some assessment of static/cyclic correlation must be
made. Matters regarding static/cyclic correlation or data control
with respect to experimental buckling load P, values are at the
mercy of the complex interaction of the respective and highly
variable prototype imperfections. Modelling within planar
constraints on an individual basis is exceptionally difficult -
hence the statistical basis of strut design(35’36). It is
instructive to recall at this stage, however, that, as noted in
Section 4.6.2 and Fig 4.11, the theoretical models themselves are
quite capable of providing a degree of data control inasmuch as
they can provide, in addition to the post-cyclic buckling load P,
an equivalently fully static buckling load P.g based only on the
- respective pre—cyclic or initial imperfection data in each case.
Clearly, this latter value will be in excess of the defined
post-cyclic P., this difference thereby highlighting the effect of
a pre-buckling cyclic action phase upon initial strut

imperfections.

This feature is clarified in Fig 4. 18 which displays typical
pseudo-static characteristics, this time in terms of model
effective length £=L/2 parameters; note Fig 3.31 which is based on
prototype L parameters. The appropriate pseudo-static locus is
shown bold, consisting of the initial imperfection-based (W)
locus for PSPy, the cyclic step neglecting cyclic load loss AP,
and the cyclically amplified imperfection (wgy.+Aw,.) for P2P..
Additionally, the w,. and wy.+Aw,. loci are shown in their
respective entireties by means of dashed curves. The equivalently

fully static load P.4 is shown to be the theoretical buckling load
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corresponding to the particular strut case if the strut were
considered in purely static terms (ie; as in the case of the
quasi-cyclic case studies). The corresponding loss in buckling
load from P.g to that theoretically predicted from the respective
cyclic strut analysis, P., is denoted by AP.. This term,
effectively unobtainable experimentally due to the variability of
imperfections between static/cyclic strut pairs as denoted in
Table 3.12, thereby affords some consistent measure of cyclic
action phase effects. Accordingly, Table 4.4 provides the
appropriate data for the formally cyclic strut cases with cases
21C, 22C, 26C and 27C showing distinctly greater cyclically
induced AP, losses. This is in keeping with the experimental
findings denotéd in Section 3.7, these being the cases involving
high up and low )\, data. The less conservative data according to
the Southwell and Lundquist approaches is dﬁe to the in-built
safety tolerance of Fig 3.33/Eqn (3.14) as employed in the other
pair of approaches. The loss in buckling strength is upto the
order of 10% of the anticipated static strut strength (P.g) except
in the exceptional 20C - buckling during cyclic loading - and 27C
- excessive deformation breaching -deemed serviceability limits -

cases.

Fig 4.18 also shows the theoretical accompanying increase in
central transverse displacement at buckling, A(wc'woc)ch(s) .
Values appertaining to this effect are given in Table 4.5, the
above denoted data trend being confirmed with cases 21C, 22C, 26C
and 27C ‘showing the most significant cyclically induced increase

in buckling state displacement. Values for A(wc—woc)lpc(s) lie in
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