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Introduction

The secongrder direct analysis is a revolutionagproach to the design of not only
steel structures, but any other type of structures including-cteetete composite,
reinforced concrete and other structures including bamboo anttrmiened steel

truss systems. The basic underlying principle isy\different from the firsorder

linear analysis using the effective length. In the new method, the structure is designed
by a simulation process, a truly performaibesed approach that the safety is directly
checked by the section capacity along the tlengf every member. The section
capacity check approach is used for design of steel and concrete members via the
elastic modulus with triangular stress blocks, the plastic modulus with rectangular
stress blocks or other functions of modulus used with stiness block assumptions.

Unlike the conventional linear analysis method of design, tbeaRd the R effects

are considered during a secemrder direct analysis so there is no need to assume any
effective length to account for the secamder effectsDespite its convenience, many
structural engineers are reluctant to switch to this new design method. One major
reason is it requires engineers to learn and get familiar with as mentioned in previous
study. Another major reason is the convenience ofgusims method is rarely
demonstrated. The aim of thioteis to compare the new design method with the
conventional effective length method. Design examples are carried out which include

1. Smple frames to illustrate the procedures of conventidealgn and design using
secondorder direct analysjs

2. Threedimensional largescaled structures to demonstrate the advantages and
limitation of design using secoratder direct analysis over conventional anatysinsl

3. A very slender structure whiclkesondorder direct analysis must be used.

The seconérder direct analysis method of design is a unified and an integrated
design and analysis approach that the effect of fire or elevated temperature effects,
seismic, effects of accidental member damagé progress collapse can all be
modeled in the design process which integrates with the analysis process. To foster the
concept, this note is addressed to the conventional and widely exercised design against
static loads. While the concept of the methodessentially the same for all
applications under various scenarios, they may require different parameters which will
be statutory in future. These parameters include member and frame imperfections
under these conditions.
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2. Background

There exists the -P effect and the fl effect in real structures which are due to the
global displacement of the structure and the lateral displacement of the member
respectively as shown in Figu& The consequence of these secondary effects is
additional stresses in threember are induced and thus the structure is weakened. A
rational design should consider both th® Rnd Rd effects. The conventional limit

state design method has been used extensively over the past decades. The philosophy
of a limit state design can lexpressed as follows.

gF ¢crR (1)

in which g is the load factor,F is the applied load/ is the material factor and

R is the resistance of the structure. Traditionalfy, is obtained from the first order

linear analysis in which both geometrical and material nonlinearities are not taken into
account while R is calculated based dhe specifications so that the secander

P-D and the Hd effects and material yielding are considered. Although the analysis
procedure is speed up by the recent rapid development of personal computers, there
are still some unavoidable hand calculation processes during the design stage such as
calculating the déctive length of a compressive column and the amplifications factors

for the linear moments. The reliability of the conventional design method depends
very much on the accuracy of the assumptions of effective length factors.

In recent years, design methosing seconarder direct analysis has been developed
in which the secondrder effects are considered directly during the analysis. There
are two major types of secowdder analysis, namely secendder elastic analysis and
secondorder inelastic anadys. The first type does not consider the effect of material
yielding therefore section capacity check per member is required to locate the load
causing the first plastic moment or first yield moment of the structure. The second
type considers the effectf onaterial yielding so the maximum failure load can be
directly located by the load deflection plot. The section capacity check is therefore
used for assessing the condition of plastic hinge formation. A sewded direct
analysis not only facilitatesrsictural design but it also plays a very important role on
structural stability problems.

To date, both conventional design method and seoaser direct analysis design
method are allowed in many national design codes such as Ew®ca065), Code

of Practice for Structural Uses of Steel (2011), BS5@8000) and AS41002000).
However, despite the convenience of the latter approach, the majority of structural
engineers are reluctant to step forward to this sthtee-art approach. One major
reason ismost software is programmed forDPonly analysis and extensive manual
checking effort is still required. Another major reason is its convenience is rarely
illustrated through practical design examples.
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Despite this reluctance, the secesrder directinelastic analysis, or the advanced
analysis, will be the major trend in structural design in the future together with the
secondorder direct elastic analysis. Some researchers and codes name the method as
advanced analysis. This chapter has two mainctiegs. The first one is to deliver the

idea of how a design can be performed without any effective length. The second
objective is to compare the new design method with the conventional method. Design
examples are carried out in the hope that throughetdesign examples, engineers

will find the merits of design using secoeondder direct analysis without using
effective length.
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Methods of Analysis

In LRFD (2010), the Eurocode (2005) and the Hong Kong Sieele (2011) the

three methods namely as tfiest-order lineay seconebrder indirect analysigand
secondorderdirectanalysis methods can be used. But we need to ensure the effects of
change of deformed geometry shall be considered lwjthot less than 5 otherwise

the secondorder direct analysis must be usé&thr example, in Eurocoe# (2005),
clause 5.2.2(3) method$, &) and § specify respectively the methods of secander

direct analysis, secormfder indirect analysis and the linear analysignaghe box
belov. LRFD (2010) names the methods as fwsiler analysis or effective length
method under Appendix 7 P-D-only or simplified second order analysisider
Appendix 8and direct analysisn Chapter C, which shows that the direct analysis or
second order diré@nalysis appears as the principal and preferred method in main text
To this, engineers should certainly need to acquire the skill of such design.

5.2.2 Structural stability of frames

(1) If according to 5.2.1 the influence of the deformation of the structure has to be taken into account (2)
to (6) should be applied to consider these effects and to verify the structural stabality.

(2)  The venfication of the stability of frames or their parts should be carried out considering imperfections
and second order effects.

(3)  According to the type of frame and the global analysis. second order effects and imperfections may be
accounted for by one of the following methods:

a) both totally by the global analysis,

b) partially by the global analysis and partially through individual stability checks of members according to
6.3,

c) for basic cases by individual stability checks of equivalent members according to 6.3 using appropriate
buckling lengths according to the global buckling mode of the structure.

Extract of Eurocod& (2005)

Load factorl in Figure 1 represents a scalar multiplied to the set of design load in a
particular combined load case. To understand the method, we must first appreciate the
behaviour of a structure under an increasing load. Various methods provide an answer
of the colapse load under its assumptions, such as plastic collapse load which does not
consider any buckling effect andOPonly seconebrder indirect analysis does not
consider member imperfection and member buckling.

The results of these methods are comparek thi true collapse or ultimate load of a
structure] , in the Figure 1 below.

N
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Load factor |

| =22 p—————f - ——— — ———— — —— — =
First-order

Linear Analysis

[
/ _ _ _ . .
- Second-order P - D - eldstic analysis

— Rigid plastic load=p ,S= |

p
Design resistance or collapse load by
| ,=0.85 / Second-order PlaStij: Analysis

Dl Pm where P=1000kN
I y=0.76 \ Braced & hori. members 152x152x37

. . 4m Others : 203x203x60
Design resistance by
"First-plastic-hinge" 4m Yield stress : 355MPa
3ml [ ] .
D Deflection

Figure 1  Design methods
Various terms in the above graph are explained below.

Elastic critical load factor/, is a factor multiplied to the design load to cause the
structure to buckle elastically. The deflection before buckling, large deflection and
material yielding effects are not considered here and the factor is an upper bound
solution that cannot be usedrefitly for design.l ., can be used to measure the
instability stage of a frame against sway and buckling.

Plastic collapse load factof is a load factor multiplied to the design load to cause
the structure to collapse plastically but buckling and secoddr effects are not
considered. Because of the ignorance of buckling effegtsannot be used for direct
design and it is an upper bound solution to the true collapse load of the structure. This
load factor was widely used in the past for plastic debigcause of its simplicity to
determine.

P-delta effectsrefer to the secondrder effects. There are two types, beir Bnd
P-d.

P-Deffectis seconebrder effect due to change of geometry of the structure

P-d effect is seconebrder effect due to member curvature and change of member
stiffness under load. A member under tension is stiffer than under compression.
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Figure 2 The RDand Rd effects

Linear analysis or firstorder linear analysisis an analysis assuming the deflection
and stress are proportional to load. It does not consider buckling nor material yielding.

Notional forceis a small force applied horizontally to a structure to simulate lack of
verticality and imperfectionsee Figee 3 It can also be used to measure the lateral
stiffness so that the elastic critical factor can be determined.

et
e

Figure 3  Simulation ofout-of-plumbness by the notional force

Secondorder indirect analysis or PDonly analysisis an analysis used to plot the
bending moment and force diagrams based odéf@med nodal coordinatelt does

not consider member curvature or thel Bffect. This method is commonly used in
software because of its simplicity. In fact, most software can only do tBrity
analysis which is not qualified for a full seceadder analysis accounting forPand
P-d effects with imperfections at frame and memlesels. This method is also named

N
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as approximate secommtder analysis in LRFI2010) and as method in clause
5.2.2.3(b) inEurocode3 (2005) or in Hong Kong Steel Code (2011) as Seander
indirect analysis.

Secondorder direct elastic analysis whichllows for section capacity checis an
analysis which allows for B effect and the Rl effect with their imperfections and
stops at first plastic hinge. It needs not assume an effective length for the buckling
strength check, but imperfection must bewatkd for. Although it allows use of plastic
modulus and plastic moment, it does not permit the momedistebution so the
design load is taken as the load causing the formation of the first plastic hinge.

Secondorder direct plastic analysis which allasvfor section capacity checis an
analysis which allows for P effect and the fl effect with their imperfections and
stops at first plastic hinge. It needs not assume an effective length for the buckling
strength check, but imperfection must be allovied It not only allows the use of
plastic moment, it further permits the momentrstribution due to plastic yielding or

after formation of plastic hinges and the design load is taken as maximum load causing
the structure to form a collapse mechanisrdieergence of the iteration process in an
incrementaiterative analysis. The load increment should also be taken as a small
portion of the design or applied load to prevent early numerical divergence.

The physical meaning of;;, named as elastic criticknad factor, can be illustrated by
t he buckl ing |l oad of a simply support e
secondmoment of area | and length L.

¢ P.

<

N

Figure 4  Buckling of a pinapin column

The Euler buckling load is
P2El 2

If the calculated buckling load from Equati¢?) is 100kN and the factored design
load from seKweight, live, wind and dead load is 20 kN, is then equal to 100/20
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=5. We must remember théat, is not for direct design since it does not consider
imperfection and material yielding effects, is only an indicator of stability stage, for

calculating effective length factollfg) or used for amplification to be discussed.

When sing software NIDA, one only needs to use the function \ébration and
Buckling Y Vibration and bucklarndsdgectthar a met
number of mode as 1 or more but only the first buckling mode is used in NIDA. For
higher accuracy, wean just select all members and divide them to 2 elements since
NIDA uses cubic element to find the buckling load factor. This division is not needed

for seconeorder analysis in NIDA which use curved element to cater for {theffect

and imperfections.

We no longer discuss the effective length method which is being pbaseadseveral
codes including the Eurocode(2005), the LRFD (2010) and Code of practice for
structural uses of steel Hong Kong (2011). These codes indicate the computer method
using seconabrder analysis (SOA) could lapplied to design of steel structures under
various scenariowhich cover the structures under normaks and extreme events.
Structures withsmall elastic critical load facteress tharB in Eurocode3(2005) 4 in
BS5950 (2000) or 5 in AS4100 (1995) and Hong Kong Steel Code 2011 should not be
designed by thénear analysisandthe use of elastic critical load factor is limited to
firegularo building frames under dominant gravitational loadSRD (2010) moves

the linear analysis to appendix with the seconder analysis in the main core of the
text and the Eurocod® places the chapter for secemdler analysis in front of the
linear analysis, showin§OA as a preferred method.

In theory, the effective length ridd and linear analysis cannot consider change of
stiffness when a structure is under load and thus the bending moment is, strictly
speaking, incorrect and the LFRR010) requires use of a reduction factty for
stiffness reduction (se@djustments tatiffnes® on p.24 of LFRD 2010). We can see

that a compressive brace takes smaller load than a tension brace and the linear analysis
is incorrect in assuming all stiffness is based only on material and geometrical
properties but not on initial forces img members. Some codes increase effective
length when members are under eccentric moments but they are actually unrelated.
For example, it becomes meaningless to apply this concept when members are in
tension and required to increase effective length ¢oeltric moments. Further and
more importantly, assumption of effective length is uncertain and effect of eccentricity
on effective length is difficult to quantify in the method etc. So, most modern codes
attempt to remove the old effective length approach

The detailed formulatioof our curved stability function with curvature table 5.1 of
Eurocode3 (2005) could be found in Chan and Gu (20@0)d design application of
semirigid frames can be referencedlio, Chan and Lan2011).

The design is done by simulating the response of a structure under load, like some
examples shown ifOUTUBEO by the author (typéthenidachadin YOUTUBEO
home page)vhich includessomereal towes constructed and now in use.

In the followings, we no lorgy discuss the linear analysis and the sewyddr
indirect analysis because they are limited in use. For example, the swdend
indirect analysis provides meaningless solution in many structurethékillowing

NIDA ;
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(see Figure 5ps the notional forcapplied to top level under load is taken by the
horizontal support (or braces) and the top of the frame does not sway so it cannot be
used to determine any sway ¢Dffnoment.In clause 5.2.2(D) of Eurocode3 (2005)

further indicates that the secendder indirect analysis requires usetsfchapter 6 to

find effective length so the method is basically the same as the linear analysis with
minor difference that the sway momentsignificant with value of betveen 5 and

10, could be determined in secendder indirect analysis but needs to be calculated by
moment amplificatioriactorin thelinear analysis.

500 kN 500 kN
Horizontal restraint

ﬂﬁ

3m

4m -7

¥ A
H H

Figure 5 The simple norsway frame with unknown effective length of its columns
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4.1

4.2

Design by SeconéDrder Direct Analysis

We need to use proper software for seeorakr analysis indicated in conclusions of
this note. With the qualified software, we need to model imperfections as follows.

Software

Proper software is essential and many programs are not for se®rddirect
analysis and we must be careful on using suitable softMagt of them are only for
P-D-only (a term used in LFRD 2010 and Hong Kong Steel Code 2011) or
secondorder indirectanalysis, but not for4®-d secondorder direct analysis allowing

for imperfections in member and frame leveRefer to conclusions for some
benchmarlexample 1

Imperfections

Unlike the firstorder linear analysis, imperfections must be considerecgny
secondorder analysis since no real structure is perfect and possesses no residual stress
and initial crookedness.

The effects of imperfections shall be taken into account for two conditions.
Global analysis P-D effect

Member design P-d effect

In Eurocode3 (2005), a special feature is about the consideratioframhe and
member imperfections which are not so explicitly expressed in most other outdated
codedike BS5950 See below the imperfections required in Euroed®905).

5.3 Imperfections
5.3.1 Basis

(1) Appropmate allowances should be incorporated mn the structural analysis to cover the effects of
imperfections, including residual stresses and geometrical imperfections such as lack of verticality, lack of

straightness, lack of flatness, lack of fit and any munor eccentricities present in joimnts of the unloaded
structure.

(2)  Equivalent geometric imperfections, see 5.3.2 and 5.3 3, should be used, with values which reflect the
possible effects of all type of imperfections unless these effects are included in the resistance formulae for
member design, see section 5.3.4.

(3)  The following imperfections should be taken into account:
a) global imperfections for frames and bracing systems

b) local imperfections for individual members

N
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Some softwar e insteasaf applying ¢lopal and lachl @rperféctions,

the real buckling shape itself can be applied as a unique imperfection. n i t s
introductory flyer. This is obviously incorrect because, for example, braces with ends
pinned are not affected by global buckling mode (since no moment could be
transferred from global frame to the braces) and ignoring member imperfections in
compression braces is dangerous like forgetting use of buckling cudesign of the
braces.Also, huckling of some members may not be dominated by global buckling
mode and this assumption could lead tecanservative design.

4.2.1 Frame Imperfection

We need to model global or frame imperfection due to unavoidable construction
tolerance. This can be done daye of the following methoda Eurocode3.

5.3.2 Imperfections for global analysis of frames

(1)  The assumed shape of global imperfections and local imperfections may be derived from the elastic
buckling mode of a structure in the plane of buckling considered.

(2) Both in and out of plane buckling includmng torsional buckling with symmetric and asymmetric
buckling shapes should be taken mnto account m the most unfavourable direction and form.

(3) For frames sensitive to buckling in a sway mode the effect of imperfections should be allowed for in
frame analysis by means of an equivalent mmperfection in the form of an initial sway imperfection and
mdividual bow imperfections of members. The imperfections may be determined from:

1) Using eigenbuckling (elastic buckling)mode as imperfection mode

The effects of imperfections for typical structures shall be incorporated in frame
analysis using an equivalent geometric imperfection aaltamative to the notional
horizontal force as,

D=_— 3)

where h is the storey heigltr largest dimension of a structurigé is the initial
deformation or oubf-plumbness deflection.

The shape of imperfection may be determined ugiagiotional horizontal force for a
regular frame or from the elastic critical mode.

For regular multifloor building frames, the shape may be simply taken as an inclined
straight line.

In many structures, the buckling mode shape is not obvious and wetmeesd
computer program to determine the buckling mode. We can use the buckling mode as
imperfection mode as an unfavourable scenario in Eurocd@ed®) In software, we

can use specify this eigdnuckling mode option and a magnitude equal to 0.5%
multiplied by the height or the longest span or an expected value of imperfection for a

NIDA =
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particular type of structuresee Figur®. 1% imperfection deflection or notional force
is needed for temporary structures and 3% may be needed for structures under

demoltion.
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Figure 6 Use of buckling mode as imperfection mode

These initial sway imperfections should be applied in all unfavourable horizontal
directions, but need only be considered in one direction at a time. Temporary
structures and structures undemolition require greater imperfections.

2) Method of Notional force

When structures have irregular shapes, the application of notional forces becomes
difficult. For regular frames where the buckling mode is a sway mode and obvious, a
0.5% of the vertical load could be applied horizontally shawrFigure 7. For
structuresused for other functions and durations, a varied value of notional force is

used.
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Figure 7  Horizontal notional force as 0.5% of factored vertical loads

The simulation of oubf-plumbness with notional horizontal force is indicated in

Figure8.
P P P P P P
3R |
2wL 2f wlL
P
l fp
™I~
f
B i 1 V¥ N

Figure 8 Notional force

4.2.2 Member Imperfection by Curved Element

For practical members, initial bow and residual stress are unavoidable and must be
considered in the buckling strength determination. T&ldlen theEurocode3 (2005)
is the equivalent imperfection for these two sources of imperfections and they are the
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equivalent imperfection. The value of these imperfections cannot be measured from
the initial bow or crookedness of the member but it can be determined by a
curvefitting procedure against the buckling strength vs. slenderness curve. In other
words, we can try different values of imperfections to obtain a curve giving a 5%
lower bound curve to the experimental curve. We can calculate the imperfection using
the available PeyrRobertson constants. For a compression member, the equivalent
initial bow imperfection specified in Tabtel of Eurocode3 (2005) belowmay be

used in a second order direct analysis. If software uses straight element, it cannot
model member imperfectioas Table 5.1 and dividing a member to many elements
has difficulty in assigning imperfection direction to follow the buckling mode.

Table 5.1: Design values of initial local bow imperfection e, / L

Buckling curve | elastic analysis | plastic analysis
acc. to Table 6.1 ey /L ey /L

ag 1/350 1/300

a 1/300 1/250

b 1/250 1/200

c 1/200 1/150

d 1/150 1/100

N
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In computer program, we could input the imperfections as follows.
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Input of member initial imperfections

Figure 9  Member imperfection in NIDA

The effects of imperfections could be considered approximately (or inaccurately) in
member design when using the effective length method and the moment amplification
method. We have different buckling curvesgdarocode3 (2005)for effective length

and manent amplification method and these buckling curs@sespond talifferent
imperfections for different sections indicated in Tahlein Eurocode3 (2005).
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4.3  Section Capacity Geck f factor)

When the secondrder direct analysis with full consideratiorP-D-d effects and
imperfections isused,we need not consider individual stability check nor effective
length at all. According to clause 5.2.2(7) &urocode3(2005) below, mwss section
capacity check in Equatigd) is sufficientto ensure the safety of the structure.

(7) In accordance with (3) the stabilifty of individual members should be checked according to the

following:

a) If second order effects in individual members and relevant member imperfections (see 5.3.4) are totally
accounted for in the global analysis of the structure, no mdividual stability check for the members
according to 6.3 is necessary.

And the strength andtability of membersand frames can be checked symbolically on
the cross section of every member as

Nes , Myes+P D Pd) (M, +P D Pd)
Af, M, R M, rq

£ 1 0

Where

My eqdand M gqthe (action)design bending moment about the y and z axis and without
consideration of secorarder effects,

My rd @and M rq are the design capacity to bending moment about tfeng zaxis.

They can be considered as moment capacity about princigaldlZaxes (i.e. =fy S

or =fy Z where S, Z=plastic or elastic modulus) and if the sections are also under the
influence of lateal-torsional beam buckling, the moment resistance should be replaced
as, M,rda = fp Sy or t Zy).( For laterattorsional buckling of beams, the use of ¥ a
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4.4

design approach and the rigorous metbmald includeadditionalM-j moment due to
moment abouthe principal axis and the twisth = cross sectional arey = design
strength f = section capacity factor. ff>1, member fails in section capacity check.

D = nodal displacement due to eaftplumbnessframe imperfections plus sway
induced by loads in the frame

d = displacement due to member curvature / bowing due to initial imperfection plus
load at ends and along member length of a member. This is calculated using a curved
stability functionproposé by Chan andsu (2000 and the element is not the cubic
element which assumes the moment varies linearly along a member commonly
adopted for linear analysis

In software NIDA, different values df is indicated by different colours for easy
identificationand it could also be viewed in an Excel file for all load cases for easy
identification

Take note that momenkd, rs and M, rq and RD and Rd moments in Equatiordf are
not evaluated separately and they are included conceptually in the moment
expressions.

SecondOrder Direct Elastic and Plastic Analysis

For secondorder direct elastic analysjsany member withi >1 indicates the reaching
of design load of the complete structure.

For secondorder direct plastic analysismembers withf >1 will be inserted a plastic
hinge until a collapse mechanism is formed and the ultimate design load needs to be
found from the load vs. deflection curve.

As seen below, when we considefD and Rd effects with their imperfections
appropriately using curved elemt with curvature and buckling mode as imperfection
mode, we need not worry hatiecking for flexural buckling, sway and reway
frames, moment amplifications, change of stiffness in members when loaded, yielding,
eccentric moment effect on member buad joint stiffness effects on column and
frame bucklingg

N
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P-D and P-d effects with imperfections

If we consider both P -d and P-Deffects &
imperfections , we need not worry about the effective
length and the design is more efficient and  accurate.

Paradox . Why we do not simply or directly include

the buckling effects by calculating the P -Dand P-d
moments in analysis so we need not reduce the

buckling strength for these P - delta effects ?

(i.e. the effective length method whichis affected
by sway or non - sway nature of a frame and also it
does not consider change of member stiffness

required by codes)

Figurell P-dand RD effectsin replacement oéffective length anchoment
amplification method

4.5 Local and Lateral-Torsional Buckling

Local and lateratorsional buckling needs to be considered in the design. As they are a
type of localbehaviorand not related agensitiveto sway or norsway characteristics

of a frame, direct use of code formulaa@equateand has been considered in NIDA.

For example, we need not classify a frame a sway osnay in design for local plate
buckling nor lateratorsional beam buckling a@nwe could directly use formulae in
codes for their design check. These local buckling effects can be considered by a
method like the one by Trahair antia® (2002).

NIDA 8
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5. Examples

These examples should be studied by educational version of MIbiéh can be
obtained by contacting the authors of this documeacgsithan@polyu.edu.hk

Also, the simulation movie of examples 1 and 3 can be seen by tihiagidachaa
in AiYoutubeDo. In these simulation movies, the colour of the members representing

the values of section capacity facton Equation(4) of this note are changing with
increasing loads.

5.1 Tutorial 1 7 Simple benchmark example for testing of software A strut under
axial force

The column of CHS 88.9x3.2, grade S275 steel and length 5m has a boundary
condition as one end pin and one end fixed. Determine the axial load resistance and
bucklingload of the column by second order analysis. Do not assume effective length

for the column as it is unknown for most compression members in real frames.

Area A= 8.62010* n?

Second moment of arda=7.9200x10" m"
Elastic modulusZ=1.7800x10°m’

Plastic modulusS=2.1360x10°m°

Design strength or yield stregs, = 275 MPa

Software unable to do the first example should never be used tcsécoadorder
analysis because of the following reasons.

If software cannot tell the design resistance or bucking Ry “*El/(0.7LY as the
load when the load vs. deflection cuiigdlat for the above column (s&égure 13, it
cannot tell the design and buckling resistance of a frame.

Dividing a member to two equéngth elements is unable ¢beckthe critical section
at thelocation with maximum curvature which is not at thel-length.

Input of imperfections is too inconvenient when we use 2 elements per member since
we need to follow the buckling modshapeotherwise the imperfection does good
instead of harm to the design resistance of a frame which is NOT what we want.
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Figurel2 A strut under axial force

This results in the answer being o\estimated and the member is odesigned.

Method Buckling resistance | Error
P. (kN)

1% order linear with LW/L=0.7 108.9 N.A.

2"% order with imperfection L/500 to code 102.2 -6%

2"% order with imperfection L/1000 (not to code) | 113.4 +4%

No imperfection pA =234 +118%

Using theeffectivelength factor of /L =0.7, the 1st order linear analysis from code
is 108.9 kN

If we assume the imperfection as L/500 which is recommendétbiy Kong Steel
Code(2011) the computed resistance is 102.2 k&%) which is conservative.

If we assume the imperfection as L/D0&maller thaHong Kong Steel Code 20,1

the computed resistance is 113.4 kN (+4%). This shows imperfection is important in
determiningthe resistance. If one ignores imperfection, the resistance becomes pyA =
237 kN (+118% !) since no load vs deflectipath could be plotted for a perfectly
straight columrwhich does not know where to deflect when under load.
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5.2  Tutorial 2 T Snap-through buckling analysis of hexagonal frame

Please use NIDA to obtain the redolt the hexagonal frame shownhigure 13.Just
type in the numbers and NIDA contains no imperial units. Assume diameter =0.793 in.

Case 1Assume all supports are hinged

Case 2Assume one support hinge and the opposite support restrained in one direction

to prevent torsional mechanismdaall other supports rollers.
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Figurel3 Snapthrough buckling analysis of hexagonal frame (Chan, 1988)
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Nodal coordinates

Node X-coordinate Y-coordinate Z-coordinate
1 0 0 20.78

2 12 0 0

3 36 0 0

4 48 0 20.78

5 36 0 41.57

6 12 0 41.57

7 24 1.75 20.78

The simulation movie can be seen by typitigenidachaain AYoutubedo.

5.3 Tutorial 3 i Secondorder analysis for design of the skylight

This example checks the practicality of seconder direct analysis via practical
steel roof.

m;m o |
“‘iﬁnﬁufnm W ﬂ';‘ \t«: “
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SECTIONS:

1 6605350u20512
1 660%300u1 6212
3 560%300u16212

W 4D250w130x5

3 D250m150%104
6 D200x150x10B
7 D300m200%10

8 D350m200x20

0 DE50mI30x20
10 D650u200u30
11 660350201 6
12 D300X550320
13 D3S0XI50520
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