
.+. National Library
01 Canada

Bibliothèque nationale
du Canada

Acquisitions and Oireclion des acquisitions et
Bibliographie Services Branch des services bibliographiques

395 Wellington Street 395. rue Wellington
01lawa. Ontario Oltawa (Onlario)
K1AON4 K1AON4

NOTICE AVIS

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Sorne pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canada

La qualité de cette microforme
dépend grandement de la qualité
de la thèse soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S'il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser à
désirer, surtout si les pages
originales ont été
dactylographiées à l'aide d'un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, même partielle,
de cette microforme est soumise
à la Loi canadienne sur le droit
d'auteur, SRC 1970, c. C-30, et
ses amendements subséquents.



•

•

Web Buckling in Thin Webbed

Castellated Beams

by

Walid Jacques Zaarour

May 1995

Department of Civil Engineering

and Applied Mechanics

McGiII University

Montreal, Canada

A thesis submitted to the Faculty ofGraduate Studies and Research in partial fulfillment

orthe requirements for the degree of Master ofEngineering.

@ Walid Jacques Zaarour, 1995



1+1 National Library
of Canada

Bibliothèque nationale
du Canada

Acquisitions and Direction des acquisitions el
Bibliographie Services Branch des services bibliographiques

395 Wellington Sl,eel
Ottawa. Ontario
K1AON4

395. rUQ Wellington
Ottawa (Onlanol
K1AON4

The author has granted an
irrevocable non-exclusive licence
allowing the National Library of
Canada to reproduce, loan,
distribute or sell copies of
hisjher thesis by any means and
in any form or format, making
this thesls available to interested
persons.

The author retains ownership of
the copyright in hisjher thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
hisjher permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne
doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-07992-9

Canada



•

•

ABSTRACT

An experimental test program was conducted at McGiIl University which

incorporated 14 castellated steel beams provided by Chaparra1 Steel. The notable feature

of these beams is their thin webs. The modes of failure and their corresponding loads

were predicted based on a number of previous studies. A nonlinear finite element analysis

was carried out in order to provide a new assessment too\. The program used was

NASTRAN. The geometries of the castellated steel beams were predicted to be

susceptible to web post buckling.

The applied load which causes the formation of the mechanism failure (Redwood

1978), and the load which causes a horizontal yield failure, (Blodgett 1963), were

calculated and compared to the predicted buckling load to anticipate the mode of failure.

The web post buckling loads were predicted based on an analysis by Blodgell (1963),

Aglan and Redwood (1974) and on the finite element analysis. The above analyses were

repeated for five of the seven beams tested by Bazile and Texier (1968) and which failed

by web post buckling.

The beams tested were susceptible to web post buckling, as predicted. The web

post buckling analysis suggested by Blodgell (1963) resulted in large variations from the

experimental failure load. The analysis suggested by Aglan and Redwood (1974) yielded

conservative results. The finite element buckling analysis showed a good correspondence

with the experimental buckling load and may be a good toolto conduct a more complete

parametric study.
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RÉSUMt

Un programme d'essais expérimentaux fut effectué à l'université McGill sur 14

poutres ajourées en acier foumies par Chaparral Steel. La caractéristique principale de

ces poutres est la minceur de l'âme. La mode de rupture de ces poutres et les charges

correspondantes ont fait l'object de plusieurs études antérieures. Dans la cadre de la

présente thèse, le programme d'éléments finis non-linéaire NASTRAN fut utilisé afin de

modéliser le comportement de ces poutres. Les résultats démontrent la susceptibilité de

ce type de poutres au flambage de l'âme.

Les charges de flambage sont estimées suivant les analyses proposées par

Blodgett (1963), Aglan et Redwood (1974), et par les analyses d'élément finis. Les

charges de flambage obtenues sont comparées à celles correspondant à la formation d'un

mécanisme de rupture (Redwood 1978), et à une rupture horizontale par écoulement

(Blodgett 1963). Ces analyses furent effectuées pour cinq des sept poutres testées par

Bazile et Texier (1968) ayant sont rupturées par flambage de l'âme.

Les analyses ont confirmé la susceptibilité de ces poutres au flambage de l'âme.

Les charges obtenues suivant la méthode de Blodgett (1963) différent de façon

significative des données expérimentales. Par contre, les charges obtenues suivant la

procédure de Aglan and Redwood (1974) sont sécuritaires. En conclusion, l'analyse par

éléments finis du flambage est en accord avec les résultats expérimentaux et semble être

une teehnique fiable afin de poursuivre un programme d'analyse paramétrique plus

complet.
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Chapter 1

Introduction

1.1 Introduction

The idea of splitting and expanding beams to increase their section modulus was

first used about 1910, by H. E. Horton of the Chicago Bridge and Iron Works (Altfillisch

el al. 1957). Il has been used in both building and ship construction. The usage

increased in building construction as f100r joists, roof girders, arched roof girders and

many industrial, commercial and bridge structures. The United Steel Structural Company

of England fabricated expanded bearns as early as 1937 (Toprac and Cooke 1959). The

Texas State Highway Department used castellated beams in building a 100 ft (30.5 m)

simple span beam bridge in 1951. They were also used in bridge construction in New

Zealand. In 1952, a pilot investigation on expanded beams was carried out at The

University ofTexas. However, their primary use was in Europe, following World War JI,

when labor was cheap and material very expensive; so, the fabrication costs were not too

high because of cheap labor and economy of material was achieved.

Castellated beams have not been used extensively in recent years due to the

excessive fabrication costs involved; however, as fabrication methods become more

automated, by the use of single or multi-flame oxygen cutting equipment with a

controlled path of the burner, they have a better chance of competing economically with

other alternatives.
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Sorne recent applications for castellated beams have been in roof purlins,

girders in rigid frames, and in composite construction (Temple et ul. 1993). One of

their prime uses is in composite construction in long span floors, where floor depths are

kept to a minimum by passing the major service ducts through the openings. They are

also used effectively for tightly serviced buildings or for aesthetic reasons where the

structure is exposed. They are efficient as secondary long span members subject 10

uniform loading (Ward 1990).

1.1.1 }<'abrication

Castellated beams are fabricated using rolled-steel shapcs. The web of the bcam

is cut, usually using single or multi-flame oxygen cutting, in a saw tooth pattern along

its center tine. The path of the burner may be controlled by one of the tlnce methods

(Knowles 1985).

a) a template

b) a mandrel

c) a magic eye following a scale drawing

The split halves of the beam, when cut, bend outwards duc to the effeet of

residual stresses that remain in the beam from the rolling process (Hope and Sheikh

1969; Knowles 1985). Hydraulic or manually operated rams are used in order to return

the beam to ils original straight alignment. It is held such that the two halves are

positioned with the teeth, formed by cutting, aligned and touching. These are tack

welded to hold in position. The resulting holes are of hexagonal or octagonal shape,

the latter achieved by inserting reetangular plates between the two parts. The beam is

2



• then removed from the press and each of the teeth is butt welded along its full length.

The weld may be carried

out from one side only or alternatively first from one side, then the olller side. The

method depends on the thickness of the web and the equipment used. End plates and

intermediate infill plates, if required, are welded in position. The waste at the ends of

the beam is then cut off, (Fig. 1.1).

1.1.2 Dimensions and Properties

The saw tootlt pattern of cutting the web will result in specifie geometric

properties (Blodgett 1963). Those characteristics will greatly influence the behavior

and mode of failure of the beam and the relevant dimensions are defined as follows

(Fig. 1.2):

htan,=
b

d, =d+h+hp

d-h
d=-

1 2

S=2(b+e)

where d = originaldepth of beam
................[1.1]

• The distance "e" may be increased to provide the required opening for the duct

work and the required weld length between the openings. Il should be noted that as "e"

3



• increases, the bending stress within the tee-section due to the secondary moment,

caused by the applied shear, increases (Hosain and Speirs 1971; Mandel ef ul. 1971).

Therefore there exists an optimum range for "e".

1.2 Literature Review

1.2.1 Introduction

A number of different modes of failure are possible depending on the beam type

and the geometry which results from the cutting pattern. The principal modes of

faHure are as follows:

• Overall lateral torsional buckling

• Web

Shear

Buckling

• Plastic hinges in upper and lower tee-sections (overall bending

faHure)

• Parallelogram mechanism

• Local FaHure (Locations of concentrated force)

1.2.2 Overall Lateral Torsional Buckling

If no adequate lateral support is provided for a castellated beam, it is possible

that faHure by overall lateral torsional buckling (LTB) will occur. Compared to solid

web sections, castellated beams are more susceptible to lateral torsional buckling. They

have a deep and slender profile and a reduced torsional stiffness (Ward 1990;

Pattanayak and Chesson 1974).

• 1.2.3 Web Failures

The web may fail by yield in shear or by laleral torsional buekling.

4
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shown that the highest shear stress will generally occur at a weld (Knowles 1985). If

local and lateral buckling are prevented, with relatively narrow welded joint, there is a

possibility of failure by rupture of the welded joint. This failure is usually brittle (Hosain

and Speirs 1971). The horizontal shear is developed in the web post due to change in the

longitudinal tee-section axial forces which result from the moment; these are considered

as acting at the center of gravity of the tee-section.

The web post may also fail in lateral torsional buckling (Fig. 1.3) in regions of

high shear force with certain web geometries (Aglan and Redwood 1974). The specific

angle of cut, the ratio of the height of intermediate plate to total height of hole, the ratio

of hale height to minimum width of the web post and the ratio of minimum web post

width to web thickness are pararneters affecting this mode of failure. The web post is

assumed to be acted upon by two equal and opposite end moments and shearing forces

(Fig. 1.4).

An experimental study on seven castellated steel beams was performed in France,

(Bazile and Texier 1968). Five of the seven beams which were tested failed by web post

buckling. These beams will be analyzed and discussed in greater detail in chapter 6.

1.2.4 Plastification of Upper and Lower Tee-Section

This failure occurs in regions of high bending moment (Figs. 1.5 and 1.6).

Halleux (1967) tested simply-supported beams and subjected them to two equal loads

applied at the third-span points. The central zone is subjected to bending moment of

maximwn and constant magnitude. Due to the bending moment, normal forces develop

at the center of gravity of the upper and lower tee section (at their minimwn section).

These areas develop complete plastic behavior and failure occurs.
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1.2.5 ParaIlelagram Action

Parallelogram action occurs in regions of high shear force (Fig. 1.7). 11 is due ta

the formation of plastic hinges at the four corners of a hale which result in a deformation

pattern similar to a parallelogram, (Halleux 1967; Knowles 1985). For this failure mode

to occur, it is assumed that ail adjacent parts of the beam, web post and flange, remain

rigid. The plastic hinges are the result of complete plastification of the upper and lower

tee-sections at the four reentrant corners of a panel. The total stress on the tee-section is a

combination of direct stress due to the normal forces resulting from the primary bending

moment at that section and secondary flexural stresses due to the vertical shear carried by

the tee-section, (Hosain and Speirs 1971; Altfillisch el al. 1957), (Fig. 1.2). In analyses

conducted by Redwood (1968, 1978) interaction diagrams are developed which represent

the ratios of MlMp' and VN P at whieh the mechanism is formed.

1.2,6 Local Failure (points of Support and Concentrated Loads)

At points of support and coneentrated loads, the effeet of bearing and buckling

should be considered (Ward 1990). Openings at those points should be infilled and

stiffeners provided (Fig. 1.1).

1.3 Program of Research

1.3.1 Objective

The objective of this research is to try and prediet the geometries of castellated

beams that are susceptible to web post buckling. ln the past web post buckling was not

• subscripl "poo, indic:ates plastic vah'e
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• The failure may be due to horizontal shear in a post, vertical shear at the hole

(sum of the shear capacities of the upper and lower tees) or at a weld (Ward 1990).

11 is

eonsidered as a primary design eriterion, beeause of typicaJ geometries used. However,

for specifie geometries, similar to the one~ being studied, eombined with thinner webs

whieh are now available, buekling may become a principal mode of failure. Chaparral

Steel, in Midlothian Texas, is interested in establishing markets for castellated beams

produeed from their proprietary Bantam Bearn shapes. A list of the available shapes is

providOO in Appendix C. We':J post buekling may be a governing eriterion for the

strength of those shapes because of their thin webs. The castellatOO beams uscd in this

researeh project are made from ChaparraI Bantam Bearn shapes. The beams were

providOO by ChaparraI Steel based on the proposOO shapes from Hateh Associates

Consultants, lnc. They were fabricatOO by Le Group Canam-Manac and testOO at

MeGiIl University. lt should be notOO that the web thickness is up to 25% thinner than

the lighlest of the castellatOO beam shapes used in the U.K. (Temple et al. 1993).

1.3.2 Outline of Thesis

•

A number of different analyses for the probable modes of failure are diseussed

in Chapter 2. The loads at whieh buekling is predicted is evaluatOO by using a number

of different approaehes, previously suggested in the literature, and also by non-linear

finite element analyses in Chapter 3. Beams whieh are predicted to be most sensitive to

the web-post buckling mode of failure were tested in the Jamieson Structures

Laboratory at MeGiII University. Chapter 4 describes the test set up and the

instrumentation used to gather data during the experiment.

7



• The test results are presented in Chapter 5. Chapter 6 is a comparison of the

experimental results, from the specimens tested at McGill University and the specimens

tested by Bazile and Texier (\968), with the predicted failure loads from the different

analyses and a discussion of the results. Finally. a summary of the study and a

conclusion are presented in Chapter 7.

•
lb
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Fig.I.I: Cut and Weld Pattern (Specimen 12-4)
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Fig. 1.2: Typical Secûon
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Fig. 1.3: Web Post Buckling (Ward 1990)
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Fig. 1.4: Typical Web Post Müdeiling (Aglan and Redwood 1974)
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Fig.1.S: Shear and Moment Diagram

Fig. 1.6: Yield ofUpper and Lower Tee
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Fig. 1.7: Plastic Hinges (parallelogram mechanism)

Fig. 1.8: Shear and Moment Olagram for Test Specimen
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Chapter 2

Analysis

In this chapter, methods of analysis of castellated beams are summarized. These

methods describe elastic stress analysis, overall and local (parallelogram) yield

mechanism analysis and analysis of web post yielding and buckling.

2.1 EIastic Stress Distribution

Elastic analysis of castellated beams has been carricd out in a manner similar to

the method of solution traditionally used for Vierendeel Trusses. At each hole, bending

and shear are transmitted by the top and bottom tee section (Mandel el al. 1971). On the

assumptions of Vierendeel action, the longitudinal stress at the junction of tee and post

consists oftwo components: the component due to bending am' and the component due

to shear av. The total longitudinal stress cr = crm +cry'

2.1.1 Bending Moment

Referring to Fig. 2.1, for a portion ofa beam under pure bending moment, flexural

stresses are found using the following assumptions:

• At the upper and lower tee section of the web opening (throat), flexurai

stresses are considered uniform, (Fig. 2.1), section A-A.

13



• • At the solid section. the bending moment stress is assumed to vary in a

straight line from the centerline of the beam, (Fig. 2.1), section B·B.

Therefore;

CJm =MeIl where 1= moment of inertia of the solid sec tion.

•

Due to the tirst assumption, the f1exural stresses in the tee-section give resultant

nonnal forces acting at the centroid of this section (Fig. 2.2), and the following relations

are derived (Alttillisch 1957):

M=N(d-2y,)

CJm = (d -~YIX1,} [2.I]

where:

M= bending moment at the throat section under consideration

Yt =distance from exlreme tiber to centroid oftee-section

At =area oftee-section

am = nonnal stress caused by bending

N = nonnal resultant force at tee-section

2.1.2 Shear

A shear. V. at a section through the tee-section. is assumed ID be resisted equally

by the regions above and below the hole. (Fig. 2.3). This shear induces a secondary

moment at the open-web tee-section. Assuming a point of infIection at mid-length, the

14



• force V12 at a distance of eI2, produces a secondary moment of Vel4 . The, maximum

stress occurs at the section in which the open web begins to vary in depth.

The resulting equations are as fol1ows:

knowing

where:

Mc
a=-

1
e V

M=-x- and
2 2
eV y, eV Yb

av =-x- or av =-x- [2.2]
4 l, 4 l,

•

e = tee-section section length

V = shear at section

Yt = distance from flange to centroid at tee-section

Yb = distance from iMer edge (at the cut) to centroid of tee-section

It = moment of inertia ofone tee-section

ln conclusion, if both shear and moment are present, the maximum bending stress

is calculated by the algebraic SUIn of equations [2.1] and [2.2], and the resulting stresses

are shown in Fig. 2.4. Therefore, the total flexural stress in the tee-section, is a

combination ofa direct stress due to the normal force, and a secondary flexural stress due

to the vertical shear. A spreadsheet was developed to perfonn the necessary calculations

and to detennine the stresses at the critical section. Samples are included in Appendix B•

15



• Il should be noted that the secondary stress can be reduced by decreasing the

moment-arm, e/2; however, e is also the length of the welded web post joint, (Fig. 2.3).

Too narrow ajoint might cause the beam to fail along the weld (Hosain and Speirs 1971).

2.2 Shear at Welded Joints

The: horizontal shear load which will cause yielding and rupture of the welded

web-post joints was calculated. A spreadsheet was developed to simplify the repetitive

calculations for different geometries of the castellated beams. A sample of tbis spread

sheet is included in Appendix B.

A free-body diagram section is taken between the center-Unes of two adjacent

openings and the weld at the intersection of the two balves (Redwood 1968). Referring to

Fig. 2.5, the sbearing force acting along the welded joint, is represented by Vb, and the

relevant equations. by using the equilibriurn equations, are as follows (Hosain and Spiers

1971; Altfillisch 1967):

V
't - hn-

t w xe

Since d=(dg -2YI) from Fig. 2.5

V x S = M2 - M. from equilibrium in Fig. 2.4

V V xS fi F' 25h =T rom tg. .

't =M2 -M. wbere
n d x ex t w

...[2.3]

•

If 'tn is taken as equal to the yield in sbear, ~, Vb may then he calculated and

related to the applied load.

16



• 2.3 Formation of Meebanism (plastie analysis)

This plastic design is based on a method discussed by Redwood (1978). This

procedure was again developed in a sprcadsheet to facilitate the computation of the load

that can cause the formation of this mechanism for different geometries of castellated

beams. The method involves the collapse of a beam by the formation of a parallelogram

mechanism, (Fig. 1.7). For the beam to attain this plastic failure, the web and flanges

should remain stable up to the formation of the plastic hinges at the corners of an opening

in a region of high shear force. As the load increases, the four corners form plastic hinges

due the combined primary and secondary stresses resulting from the moment and shear

that are acting at the reduced section. The result of!his analysis can be expressed in the

form of an interaction diagrarn relating MlMp and VN p' This gives a failure surface

which provides the set of ratios VI Vp and MI Mp ' at which failure occurs. The related

equations are as follows;

1-~(1- ho) 1_[2kl(I+~)-I- ho (l_k\)2]
M 4A r dg Jl+a. 2 dg
-= A ..........[2.4]
Mp 1+~

4A r
- 2( )2where: a.=a.k l 2-k. andO.OSk) sl.O

and

and

a. =1.[~]2(1_ ho )2
16:. dg

2

•
~p =(I-::)Jl:Ü · ·· · · · · [2.S1
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• where:

Aw = area of web

Af= area ofone flange

ho= total height ofopening

dg = total depth

Mp = plastic moment

Vp = plastic shear

A straight Hne, which passes through the origin, with a slope of~ over ~,
Mp Vp

which is equivalent to l{ ~: ). where t' is the moment-to-shear ratio, is drawn on the

sarne interaction diagram.

Knowing;

V=!
2
P ,

M=-xl
2

:. ~ = t' [2.5a]

•

M

:. ~p =M x Vp =t'x Vp [2.5b]
_ V Mp Mp
Vp
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• The intersection of this line with the failure surface represents the values of

~ and V which will cause the failure mechanism at that opening. A sample of this
Mp Vp

analysis is included in Appendix B.

2.4 Buckling Analysis

Three approaches to the lateral-torsional buckling analysis of the web post were

considered. One buckling analysis was performed with the finite element package

NA8TRAN. The details of this analysis will be discussed in a following chapter. The

other two analysis were based on a study by Aglan and Redwood (1974), and by Blodgett

(1963).

2.4.1 Aglan and Redwood (1974)

The web post is considered to be acted upon by two equal and opposite end

moments and shearing forces, (Fig. 1.4). The post will undergo lateral buckling

accompanied by simultaneous rotation at a critical moment Mo cr. This may he related to

M
shearing force at the ends of the post, Vh cr, by the relation, Vha = h:

cr
•

2

The stress-

•

strain corve of the material of the post is considered as tri-linear elasto-plastic strain

hardening. The goveming differential equation is obtained and is solved using a finite

difference approximation. The equations obtained involve the mechanical properties of

the sections at the nodal points. These were computed at each node, depending on the
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• load level and the corresponding elastic or inelastic stress distributions. The finite

difference equations can be arranged in the following forrn:

( C- À.I) X =0 [2.7]

where

C non-symmetric matrix

À. eigenvalue (À.=I-Moi where Moi is the critical end moment acting on

the post)

1 identity matrix

X eigenvector

Results were presented as a series of graphs which may he used as design aids.

Fig. 2.6 is a sample of such graphs. To make use of these, the following parameters,

which are presented in Figs. 2.7 and 1.2, are needed ;

- the ratio of hole height to min. width of web, hofe

- the ratio of min. web post width to web thickness, e/tw

- the rutio of height of interrnediate plate to total height of hole, hplho

- the angle ofinclination to the horizontal of the corners ofthe

castelIations, ,

M
From the graphs, the ratio of~ is obtained based on the above parameters.

Mp

Knowing Mp = O.2SxtwxFyx(S.e)2 the value of Mo cr may he obtained. Vh may be

•
calculated as Mo"

Vh =-h-'
_0

2

The vertical shear at the section is then given by

20



•

•

( V
h

x 2 )dg -2Yt ))

V = S 2 . For the test set-up used in this study. the applied load al

mid-span of the beam that will cause lateral torsional buckling of the web post is 2xV. A

spread-sheet was developed to generate the values need to use the design aid graphs.

2.4.2 Blodgett

The Wedge Method, originally proposed by W. R. Osgood and later modilied by

H. e. Olander, was used to analyze the section, shown in Fig. 2.9. The nOIl·parallel sides

'U'e extended out to where they intersect, at point O. Taking this point as center, an arc is

drawn through the wedge section. This will create section, a. The forces and moments

applied to the section are then transferred to point 0, where the horizontal force, Vh,

causes a moment at that point, Fig. 2.9a. These force and moments acting at point, 0,

cause the bending stresses on the curved section, a, shown in Fig. 2.9b, (Blodgett, 1963).

The above approach results in the greatest bending stress along "a".

3v" tan(a)(1,,_, = 4t..e(at [2.8]

Using the 1978 AISe design code the a1lowable compressive bending stress

along the sloping edge of the wedge section of the web is delermined. This is done by

considering the web post of height, ho, (Fig. 2.8), to be a prismatic member, and then

applying the column buckling stress formulae from AISe (1978), the following is then

obtained:
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Fy [2.9a]

when 102 x 103 xCb S l.. s 510 x 103
X Cb

Fy rt F~.

F _ ~_ Fy(tr
b - 3 lS30x 103Cb

_l" SlOx 103
X Cbwhen ~

rt Fy

170x 103
X Cb

~ =- 2 [2.9b]

(:.J

where:

l =110

rt = radius ofgyration, ~
v12

Af=area of compression flange

Cb = l.7S+l.os(~~ )+o.{~J but ,; 2.3

where, Ml =M2=M. is shown in Fig. 2.8

Equating the maximum bending stress' from [2.8] ta the allowable Fb, from

[2.9], the resul1ing equation is;

4)((90_,)2
"t ::S x Fb [2.10]

3x t4n(90-+>

8I1d VII ='t"x t.. xe [2.11]
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From Vh. the value of the transverse shear which will cause latera1torsional

buckling of the web post can be deterrnined.

But the AISe is an allowable stress method. therefore the result must be

multiplied by a factor of 1.67 to getthe actual stress.
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Fig. 2.5: Olagram for Shear Force
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Chapter3

Finite Element Analysis

3.1 Introduction

This chapter describes the use of the finite element method to analyze the web

post buckling, taking into account the inelastic behavior of the material. The finite

element program MSC/NASTRAN was used. An overview of the capabilities, theory

and solution strategies available in this program, as related to the needs of this study, are

presented. Specifie options used and their corresponding parameters are referenced.

3.2 Analytical Options

(a> Linear Structural Analysls

ln a Iinear analysis, MSC/NASTRAN imposes the following, (Macneal.

Schwendler Corp. 199Ia):

• Kinematic relationship is linear, and displacements are small.

• Element compatibility and constitutive relationships are linear, and the

stiflhess matrix does not change. No yielding, and small strains..
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•

• The equilibrium is satisfied in the undeformed configuration.

• Loads are independent of deformation.

• Displacements are directly proportional to the loads.

• Results for different loads can be superimposed.

• User interface is the command:

• SOL 105

• EIGB

(b) Nonlinear Structural Analysis

The nonlinear analysis capabilities in MSC/NASTRAN are the following

(MacneaJ-Sehwendler Corp. 1985; 1992a):

Geometrie nonlinear analysis.

• The kinematie relationship is nonlinear.

• Displaeements and rotations are large (displacement transformation

matrix is nonlinear).

• Equilibrium and compatibility are satisfied in a deformed configuration.

• User interface is the command:

• PARAM, LGDlSP

Material nonlinear analysis.

• Element stiffness matrix is not constant.

• Element constitutive relationship is nonlinear. Elements may yield.

• Element forces are no longer equal 10 stiffness times displacements.
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•

• User interface is the command:

• MATS!.

The solution strategy is described in a more detailed manner in Appendix A.

Buckling analysis.

• The force transformation matrix is not the transpose of displacement

transformation matrix.

• The equilibrium is satisfied in the perturbed configuration.

• User interface is the following:

• SOL 106

• EIGB

• NLPARM

• PARAM, BUCKLE

ln conclusion.

• Displacements are not direclly proportional to the loads.

• Results for differentloads cannat be superimposed.

Material and geometric nonlinearities can be combined together.

3.3 Modeling of Beams

The finite element analysis was used to determine the 10ad deflection response

and buckling behavior of castellated beams. The modeling used was based on the

arrangement used in the test program where the criticaJ webs are those on either side of

the mid·span load point (maximum moment and shear) as shown in Fig. 1.8. The model

used for the web post, is shown in Fig. 3.1. The reason for choosing part of the beam and

not the whole is to have a more refmed mesb with an acceptable processing lime.
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3.3.1 Load Application

The model was loaded with the corresponding proportions of shear and moment

that are acting on the beam at the section. The moment on each side of the model is

replaced by horizontal forces acting at the center of gravity of the upper and lower tee

sections, which is similar to the assumptions in the previously performed analyses. The

shear is split into two equal forces acting on the center of gravity of the upper and

lower tee-sections. The applied forces are shown in Fig. 3.2. The point loads caused

sorne stress concentrations. The point loads were replaced by a Iinear distribution of

loads and the value of the buckling load which resulted from the point loads was

compared to that which resulted from the Iinear distribution of loads. The results werc

the same. The variation in load application did not affect the value of the bucklillg

Joad.

Shear Force
p

V( IL"'~sec linn) =4

where:

V(tee-section) = shear at the center of gravity of the tee-section

P = applied load

Horizontal Force
MF - xx- •
d

where:

Fx = horizontal force at the center of gravity of the tee-section

Mx = moment at section under consideration
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3.3.2 Boundary Conditions

ln Fig. 3.2, the boundary conditions which were assumed in the analysis are

shown. The notations X, Y and Z indicate "zero" displacement along the specified

direction. The top and bottom horizontal Hnes in Fig. 3.2 represent the f1anges. They are

located in the Xl plane and are generated with four sided shel1 elements, one on each side

of the f1ange. The simplest boundary conditions were adopted, that is, displacements

were prevented but no constraints were imposed on rotations. (Macneal-Schwendler

Corp. 1993a)

3.3.3 Mesh and Element Type

The final model is made up of four-sided shel1 elements. The first mesh was a

very coarse one, (Fig. 3.3), comprising three and four-sided shel1 elements with Il total of

only 86 elements. The mesh was then refined, (Figs. 3.4 to 3.7), using only four-sided

shel1 elements, up to a point where it consisted of 236 or 268 elements depending on the

existence of an intermediate plate or not. Fig. 3.7 shows a typical model used for the

analysis which includes an intermediate plate. This number of elements was chosen

because it satisfied the recommended number of nodes, five on a half sigo wave of a

deformed shape, (Macneal-Schwendler Corp. 1988). A finer mesh was developed at the

critical sections (Macneal-Schwendler Corp. 1983). The most important region was the

area around the mid-height of the model. A model and its buckled shape are illustrated in

Appendix A. The procedure fol1owed to allain an adequately refined mesh was by trial

method. The first mesh was a very coarse one. The second was more refined. This

refinement continued until the value of buckling had converged to a specifie value. At

that point, it was decided to stop the refinement. This was the indicator of the aceuracy
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of the mesh. Table 3.1 gives a summary of the converging critica1 loads as the mesh

is refined.

3.3.4 Losd Convergence

The variation of the relative deflection in the y-direction obtained from the finite

element analysis between hole centerlines is shown in Fig. 3.8 as the load increases.

These results were obtained without buckling being considered. Thus it incorporated

only geometric and material nonlinearities. In addition, the applied Joad value

predicted to cause the mechanism failure, (Redwood 1978), is also shown. A

comparison is drawn between the two results to determine the correspondence between

the two failure modes. Fig. 3.8 shows that the asymptote to the Load vs. Relative

Flange Deflection graph corresponds to the mechanism failure load. Specimen 8-3

failed by the buckling of the tee-section, and therefore the close correspondence

between these results could be anticipated. Fig. 3.9 shows that the convergence of the

Load vs. Relative Flange Deflection curve towards the value of the load which causes

the mechanism failure is very slow. This indicates early widespread yield, which is

consistent with experimentai observations of web post buckling.

3.4 Application of MSC/NASTRAN

3.4.1 Input l'lIe

Referring to Appendix A, the capabilities of MSC/NASTRAN that are related

and of use in determining the buckling load are discussed in detail. A sarnple input

data is also included in the Appendix A, Table A.t. The input was made up of two

separate files, the cold start and the restart file. A sample buckled shape of the model

is also given in Fig. A.II .
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3.4.2 Cold Start

The cold start begins with SOL 106 which specifies a nonlinear static analysis.

The run is subdivided into different subcases each having a specific load to be reached,

(Macneal-Schwendler Corp. 1991a). The number of increments to be used to achieve

that load, in each subcase, is specified in the NLPARM option. The method for

controlling stiffness update and the convergence criteria are also specified in the

NLPARM cardo The parameter LGDlSP is used to have large displacement effects.

CQUAD4 elements are used because of their nonlinear capabilities. Material properties

are defined in the MATSI cardo The material properties, including the yield stress,

and the stress strain curve is specified in this card; therefore, we end up with a model

which is undergoing a nonlinear static analysis (Macneal-Schwendler Corp. 1992b). It

has geometric nonlinearities because of the large displacement, and the material is

defined to be nonlinear. The solution strategy is discussed in a more detailed manner in

Appendix A.

ln the cold run, the load keeps increasing, with the specified increments, until

instability. At lhat point, lhe analysis is transferred 10 the restart option.

3.4.3 Restart

A restart requests lhat data stored in a previous run be used in the current run.

The restart is initialed a couple of load steps before the instability delected in the cold

run. In this run, the parameler BUCKLE is used to impose a nonlinear buclding

analysis and the option EIGB defines data needed to perform the buclding analysis

(Macneal-Schwendler Corp. 1992b).
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• Table 3.1: Convergence of Critical Load With Mesh Relinement (Specimen 8-2)

Typical Mesh Buckling Lond

No. FEM'"

(kios)

1 13.48

2 11.89

3 11.32

4 11.10

S 11.10

'" Experimental Buckling Load = 11.20 kips
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Fig. 3.1: Model Used for Finite Element Analysis
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Fig. 3.1: Typical Mesh
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Specimen 8-2

Fig. 3.3: Typical Mesh (1)

Specimen 8-1

Fli. 3.4: Typical Mesh (2)
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Specimen 8-2

.'1. 3.7: Typical Mesh (5)
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Specimen 8-3
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CHAPTER 4

Test Set-up and Test Specimen

4.1 Test Specimen and Section Properties

The testing ofcastellated steel beams was done in two stages. Pilot tests were tirst

performed on four beams, 8-la, 8-2a, 8-3a, and 8-4a. The objective was to develop an

adequate test set-up with the proper supports and measuring instrumentation, to identil)t if

web post buckling can, in fact, occur, and to make a preliminary evaluation of the

applicability of the finite element mode!. Following these tests, 10 specimens, 8-3, 8-4,

10-1, 10-2, 10-3, 10-4, 12-1, 12-2, 12-3 and 12-4, were chosen for the final testing based

on preliminary calculations indicating the probability of web post buckling. Specimens 8

3a and 8-4a were replicated as 8-3 and 8-4 in the final test program. The specimen

dimensions are summarized in Appendix C, Table C.I. The specimens dUrer in their

cutting pattern and the existence of intermediate plates. This variation results in a

diversity of depths, number of openings and the cross sectional dimensions. A list of ail

the nominal dimensions is included in Appendix C. The specimens originated from

Bantam beams of8", 10" and 12".

For each specimen tested, a 1 ft. (305 mm) section of the original beam was

provided for coupon testing. The mill report specified a yield value of 50.0 ksi (345

N/mm2). A number of coupons were tested for the final test program to achieve a more
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reliable and a better representation of the yield stress. Testing indicated an average

dynamic yield strength of 49.6 ksi. (342 MPa) and a modulus of elasticity of 190000.0

MPa, based on 9 tests. This value was used for the analysis. Table 4.1 is a summary of

the coupon testing. Il indicates the number of tests, the cross sectional area, the location

from where the coupons were taken (web or Ilange), the yield and ultimate loads as weil

as the yield stresses. From the start of loading of the coupons untit strain hardening was

weil established, the rate ofloading was 0.002 in/min. (0.051 mm/min.) for each inch of

gauge length, which was 1.97 in. (50.0 mm). After strain hardening and up until faiture,

the rate of loading is increased to 0.02 in/min. (0.5 mm/min.) for each inch of gauge

length.

4.2 Measurements

Initial measurements were taken for .the beam dimensions. In addition to that, the

beam camber, sweep, and the out-of-plane dellections in the web above and below the

weld tine were measured. These values are listed in Table 4.2.

4.3 Test Set-Up

4.3.1 Vertical End Supports

The supports used should provided minimum restraint to the beam. Based on this,

the beams were supported at the ends by two rollers. The rollers were placed directly

under the bearing stiffeners.
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4.3.2 Load Application

The load was applied using a Baldwin 440 kips. (1960 kN) capacity test machine.

The beams were loaded with a concentrated force at the mid-span. The resulting shear

and bending moment diagrams are shown in Fig. 1.8 The load was applied at a small

offset distance from the centre-line of the beam, to initiate failure on one side. through a

steel plate ofdimensions 3.9x5.9 in. (89x150 mm.) and a thickness of 0.8 in. (20 mm.), as

shown in Fig. 4.1. The load offset was l " (25.4 mm). The plate was positioned with the

long edge perpendicular to the beam axis , and was placed over the stiffener located at

mid-span of the beam in order to avoid any local failures or indentations. This plate was

loaded through a roller. A load cell was used. The beam was kept in place by the head of

the Baldwin machine, Fig. 4.1.

4.3.3 Lateral Supports

Lateral supports were provided at the top and bottom f1anges of the beam. They

were provided by a frame supporting adjustable greased plates. The locations of the

lateral supports are shown in Fig. 4.2. The frames were placed in position on the base,

aligned properly and then welded in place. The adjustable plates were welded to threaded

ba~;; which fitted into the channels providing fine adjustment using nuts on each side of the

channels to hold the plates in position. A very small clearance was allowed between the

adjustable plates and the f1anges during testing to avoid any external resistance Fig. 4.3.

ln order to avoid lateral torsional buckling of the overall specimen calculations

were based on CAN/CSA-S16.1·M89 (CSA 1989). Sorne modifications were

incorporated in computing the torsional constant to take account ofthe holes. The area of
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the holes was subtracted from the total area of the web to represent the decrease in

stilfness. The steps that were followed are:

• Determine the section c1ass

• Determine the value ofMu, which is:

M = 11l2lt El GJ +(ltE)\yCW [2.6]
U L y L

where Cw is calculated based on Galambos (1968)

• Compare Mu to Mp or My depending on the section class

• Determine Mr

Due to the mode ofapplication of the load, the location of the load point could be

considered to be laterally supported. To be conservative, the 1112 values were a~sumed as

1.0 in the middle sections and 1.75 at the ends.

4.3.4 Bearing StilTenen

Bearing stiffeners were provided 3 " (76.2 mm) from the ends • on both sides, and

at the mid-span of the castellated beam specimens. The dimensions of the stiffeners were

based on CAN/CSA-SI6.I-M89, Clause 15.6, and they were designed as columns in

accordance with Clause 13.3. The main column section was assumed tG hi,) made of Ihe

pair of sliffeners and a strip of the web equal to not more than 2S or 12 limes its thickness

for stiffeners located at the interior or at the ends of the web respectively. The effective

length was taken as 3/4 ofthe length of the stiffeners.
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4.4 Instrumentation

4.4.1 Strain Gauges

The load was offset to one side, therefore that side was provided with a more

complete system of instrumentation. The other side had only minimum measuring devices,

as a precaution in case failure unexpectedly occurred on that side. The strain gauge

locations are indicated in Figs. 4.4. The beam was marked at the locations where the

strain gauges should be positioned. These areas were ground, deaned and smoothed.

The gauges were then installed. The position ofgauges in pairs such as 1-2 and 3-4, was

to detect the buckling of the web post. The strain gauges were oriented parallel to the

edge of the hole, and were located on opposite sides at a distance of 0.4 in. (10.2 mm.)

from the edge. It is seen from the test results that as the load initially increases, the strain

pairs move together. As the load gets doser to the buckling value, they diverge, which

allows interpretation of the value of the buckling load. The location of gauge 5 was for

observing one of the critical points where a combination of moment and shear (which

causes a secondary moment) can cause a high stress concentration which may lead to the

plastification of that section. Gauge 5 was located at the centre of the flange and oriented

parallel to the axis of the beam.

4.4.2 Vertical DeOections

LVOTs were provided to measure vertical deflections. The values of deflection

vs. load at mid-span were plotted. In addition, relative deflections between adjacent

LVOT's were plotted. The objective was to determine the overall beam profile during

deflection and to detect sudden changes in adjacent LVOT's. Their loc!ltions are specified

in Fig. 4.4.
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4.4.3 Jig for Web Deformations

Ajig was made to measure the initial web profile and the deformed web profile at

each load increment. The jig was supported on the top and bottom ofthe web by two pairs

ofadjustable screws attached to the jig and resting on the web, as close as possible to the

flanges. The screws were adjusted on a flat surface to eliminate any rocking. The jig WBS

held in position by a pair of springs which wrapped around the beam. The jig had

moveable arms with LVOTs attached to them, Fig. 4.5. The arm could be moved across

the web post, trom top to bottom, and positioned at the required point along the web. The

web post was marked at vertical intervals and web deflection measurements were taken at

these locations. lnitially, the jig was zeroed on a flat surface, thus providing a datum, then

it was positioned on the web. The jig was used to measure the initial and final web

profiles of the two webs closest to the load point, on both sides. During testing, the jig

was positioned on the MOSt critically loaded web post i.e. c10sest to the load point and on

the side where the load was offset.

For the specimens which were part of the first pilot test, specimens 8-1 a, 8-2a, 8·

3a and 8-4a. the jig had only one moveable arm with one LVOT. That LVOT was zeroed

at point O. Fig. 5.1. and the web deformations. at each load increment. at the other points

along the web were measured with respect to point O. This yielded a very irregular

profile, Fig. 5.10, and led to the use ofthe new jig described above.

4.5 Testing Procedure

The beam was positioned and lateral supports were adjusted in such a way that a sheet of

paper could just be slipped between the flange and the adjustable plate. The web

measuring jig was positioned on the critical web post. LVOTs were put in place and ail
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the instrumentation was connected. The gauges and LVOTs were then zeroed. The load

was applied in increments of 400 lb. (1779 N), reducing ta 200 lb (890.0 N) used near the

predicted failure load of the specimens. Readings were taken after the load was stabilised

at each increment. The load was increased until failure occurred.
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Table 4.1: Summary of Coupon Testing

Coupon From Taken From Area l % % 02ul l. °yield

Specimen (web/fiange) (x )0-2 in2) reduction eiongalion (ksi) (ksi)

in area

8-3 w 7.12 43.4% 19.4 % 70.9 54.5

8-4 w 7.11 41.2 % 19.8% 70.6 54. ,

8-4 f 9.71 57.8% 20.3 % 66.7 49.4

10-2 w 7.20 41.3 % 18.9% 72.6 51.4

10-4 w 7.17 45.3% 19.4% 72.8 52.2

10-4 f 8.46 41.3 % 20.1 % 73.3 49.6

12-1 w 9.10 52.3% 20.1 % 66.3 44.8

12-4 w 9.10 48.6% 20.3 % 67.3 45.6

12-1 f 10.31 53.9% 20.7% 66.9 44.6

1Averall.e vield 49.6

w = ITom 1/4 the height of the web

f = ITom middle strip of the f1ange

Il in2 = (645.16)201012
21 ksi = 6.9 N/m0l2
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SlleClmen Measured Meuured Measured •dltSO (In.)

Swccp+ (ln.) Camber+ (In.) Web FlatnCl' (ln.)

(MaL out-ur.pI•••C'RtftInn)

ILld - - l'liA 'IliA

A_2. - - fi nll fi fl9

A.:t. -- fI.t7 Il lIH

A"",d lUr, 11.11')

A-3 Il ~II l''r, IUl7 IU'H

A'" fi ~Q " 711 "7~ 0119

1lI-' fI.2 11.1111 fi. 13 fI.m

"'_2 Il.12 11.1'4 1'.42 11.11

m_1 11Ir, l''r, Il.117
l' "'

Ill'" fI.'r, O.flA 11.3t lUt

12_. 11.'11 IUIA 11.211 fI.n

17_~ 1'1111 11.12 IIU '114

12-] fI.24 fi 114 fI.2~ fI.12

12"'" IUIA Il.2A 11.117 l'.n

•
Table 4.2: Sweep, Camber and Web Offset (1 in .. 25.4 mm)

•

+ Acceptable tolerance from CAN/CSA-G40.20-M87 is 0.24 in.
Acceptable tolerance from AISC (1978) is 0.25 in.

• Acceptable tolerance in web f1atness from eAN/CSA-G40.20-M87
Acceptable tolerance from AISe (1978) is 0.188 in.
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ChapterS

Test Results and Observations

5.1 General

Initial measurements were taken for each specimen to determine the beam camber,

sweep, and the out-of-plane deflections in the web posts. These values are given in Table

5. 1along with the acceptable tolerances.

For each specimen in the final test program, a combination of 12 graphs, based on

data acquired during the test, provide a c1ear image of the behavior of the beam. Since

specimens 8·1a and 8-2a were not re-tested, the complete 12 graphs could not be

reproduced for these; however, the essential data is available from the Iimited graphs that

were produced. Graphs for specimens 8-3a and 8-48, which were replicated as 8·3 and 8·

4 in the final test program, are a1so reproduced.

The Load vs. Web Strain graphs are used as an indication of the failure load and in

the case offailure by web-post buckling they are an indication ofthe buckling load. Three

values ar'" retrieved from those graphs. One indication of the failure load is the asymptote

to the web strains, the other is the load value at which the slope of the strain vs. load

relationship changes sign. In both cases two values are available, one each from the two

strain gauge pairs. ln general the asymptote was only clearly defined by one ofthese, and

the greater ofthe loads at slope reversai is given. These values are Iisted in rows 2 & 3 of

Table 5.2 and the locations ofthe strain gauges are shown in Fig. 4.4. The
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Load vs. Strain DilTerence is a plot of the applied load vs. the absolute dilTerence between

the pair of strain gauges on a web post. From these graphs, a third indicator of the failure

Joad is the asymptote to the curve ofthe relative strains given in row 8 ofTable 5.2.

The asymptote to the f1ange strain in the Load vs. FJange Strain graph is

another indication of the value ofthe faiJure load. This value is in row 4 ofTable 5.2.

The asymptote to the horizontal web deflection in the Load vs. Horizontal Web

Deflection graph could also be a pointer to the value of the failure load. This is given in

row 5 ofTable 5.2 and the location of the LVOTs on the web posts are shown in Fig. 5.1.

Similarly, the asymptote to the vertical deflectioll at mid-span in the Load vs.

Vertical Deflection graph could also be an indicator of the value of the failure load. This

is given in row 7 ofTable 5.2 and the positions ofthe LVOTs are indicated in Fig. 4.4.

As the applied load increases, the vertical deflection at mid-span and at the

adjacent web posts increase, with the larger deflection being at mid-span; in addition to

that, the deflection at mid-span takes place at a larger rate. This is reflected in the graphs

of Load vs. Relative Deflection by the positive slope at the beginning ofloading, indicating

an increase in the relative deflection; then in a sudden manner, at a weil delined value of

load, the dilTerence between adjacent LVOTs decreases. For this to happen, there should

be a sudden decrease in the relative vertical deflection, of the top flange, of the adjacent

LVOTs. This is an indication that a failure has occurred in the adjacent web post. The

value ofthis load is in row 6 ofTable 5.2 and is shown in Fig. 5.80.

The maximum test load, ultimate load, reached for each specimen is also given in

row 8 ofTable 5.2 and should be considered as the faiJure load.

The above 8 indicators of failure load were obtained for each specimen, and are

summarized in Table 5.2.

For the graphs representing the initial web profile and the web prolile at failure, the

upper and lower thick lines represent the l1anges. The web profiles are distinguished by

"NORTH SIDE" and "SOUTH SIDE", representing the side ofthe beam where the load is

olTset and the other side respectively.
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ln reviewing the following, it should be recognized that 8-1a, 8-2a, 8-3a and 8-4a

formed the pilot test program, and hence have less complete instrumentation.

5.2 Tee-Section Buckling

The failure of spocimens 8-1 a and 8-3 was due to the torsional buckling of the

tee-section, on the north side, adjacent to the loaded plate. The failure of the tee-section

was followed by some lateral buckling between the lateral supports, on the same side.

Close to the failure load, there were no visible signs of web-post buckling however, the

deformations in the upper tee-section were very obvious. Referring to the Load vs.

Flange Strain graphs it can be seen that close to the failure load there are high strains that

Viere developed at point S, close to the failure section. For specimen 8-3, the web profile

at failure shows that there is some web movement but il does not correspond to the

anticipated double curvature web-post buckling. When buckling occurs, it resu1ts in a

larger displacement and a different shape (double curvature).

5.3 Overall Lateral Tonional Buckling

Specimen 8·3a, which was part of the pilot test program, failed by overalilateral

torsioanl buckling, due to inadequate lateral supports. Specimen 8-3, which has the same

geometry as specimen 8-3a, was tested as part of the final test program. The failure of

specimen 8-3 was due to web-post buckling and will be discussed in the following section.
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5.4 Web-Post Buckling

Failure of a11 the specimens, except 8-1 a, 8-3a and 8-3 which were discussed in

the previous sections, was associated with web-post buckling Figs. A.12 and A.13 are

illustrations of test specimens which failed by the buckling of the web·post. The initial

web profiles on the north and the south sides, as we11 as the final web profiles, are

produced for each specimen. For those which were part of the pilot testing, the graphs of

the Web Profiles were not a good representation of the web profiles, a sample is the graph

for specimen 8-2a. This was one ofthe reasons why the jig was modilied in the linal tests.

The final web profiles clearly define the shapes of the buckled web posts with double

curvatures. The Load vs. Horizontal Web Deflection graphs are specilied at a delinite

point on the web-post which is shown in Fig. 5. 1. The exact location of that point is

indicated in the corresponding graphs ofWeb Profiles.

For specimens 8-280 10-2 and 12-1, although the load was offset to one side, in

order to initiate failure on that side, it occurred on the other side that did not have the

complete system of instrumentation. However, the mode of failure was evident and so

was the corresponding load. The failure mode was sudden, typical of buckling, and the

buckling ofthe web posts were visible. Also, for these specimens, the Load vs. Horizontal

Web Deflection graphs show very Iimited deflections because the jig was always placed on

the north side, whereas bm;lding occurred on the south side.

It should be noted that although specimens 8-4 and 8-4a have the same section

geometries, they are 8-4a failed at a lower buckling load than 8-4. This may be attributed

to the inadequate lateral supports in the pilot testing set up. The end of the beam which

was 25.5 in. (648 mm.) away from a lateral support showed sorne twisting.
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Table 5.1: Mode of Failure, Maximum Test Load and Vertical Deflection

Specimen Maximum Test Mode of Failure Maxi~um Vertical

Load (kips) Def1ectioD • (in)

(1 kip =4.448 kN) ( 1 in =25.4 mm)

8-la 12.8 Tee-Section Buckling 1.40

8·2a 11.2 Web Post Buckling 1.85

8·3a 10.2 Overall LTB1 0.67

8-4a 8.1 Web Post Buckling 1.78

8·3 13.0 Tee-Section Buckling 1.12

8-4 8.9 Web Post Buckling 1.43

10·1 17.8 Web Post Buckling 1.05

10·2 13.2 Web Post Buckling 0.87

10·3 16.6 Web Post Buckling 0.77

10-4 11.3 Web Post Buckling 0.99

12·1 25.8 Web Post Buckling 0.90

12·2 22.1 Web Post Buckling 0.73

12·3 26.2 Web Post Buckling 0.88

12-4 21.0 W!:'\b Post Buckling 0.68

• Alload poinl
IOvcralllalcrallorsional bucklinll duc 10 inadcqualC Ialcral suppons
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Table 5.2: Estimation ofExperimental

Failure Loads (kips··· )

•

Specimen 8-1a 8-2a 8-3a 8-4a 8-3 8-4 10-1 10-2 10-3 10-4 12-1 12-2 12-3 12-4

:

Web strain asymptote 12.8 11.2 10.1 8.1 12.9 8.9 17.7 13.2 16.6 10.3 25.8 22.1 26.2 20.1 1

Siope revenal ofweb strains 9.0 5.7 6.0 8.0 10.5 5.3 12.2 11.7 12.2 7.0 22.0 8.0 15.0 17.0

F1ange strain asymptote 12.8 11.2 10.1 8.1 12.9 8.9 17.7 13.2 16.6 11.3 25.3 22.1 26.2 21.0

Horizontal deOection asymptote -- -- - -- 12.9 8.9 17.7 13.2 16.6 11.3 25.8 22.1 26.2 21.0

Point ofdeerease of relative deOection --- --- --- 8.1 12.9 8.9 17.0 13.2 16.4 11.3 25.8 22.1 26.2 21.0

Vertical deOeetion asymptote 12.8 11.2 10.1 8.1 13.0 8.9 17.7 13.2 16.4 11.3 25.8 22.1 26.2 21.0

Strain difference asymptote 12.8 11.2 10.2 8.1 12.9 8.9 17.8 12.7 16.4 10.5 25.8 22.1 26.2 20.1

Maximum test load 12.8 11.2 10.2 8.1 13.0 8.9 17.8 13.2 16.6 11.3 25.8 22.1 26.2 21.0

••• 1 kip D 4.448 kN

5 :1



Fig. 5.1: Location ofLVDTs on The Web Post
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SPECIMEN 10-4
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SPECIMEN 12-2
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Chapter6

\

Results and Discussion

6.1 Prediction of The Mode of Failure

Due to the very thin webs of the beams. which result in slender web-posts, the

predicted mode of failure for most of the available specimens was web-post buckling. As

a preliminary guide for the prediction of the modes of failure, a number of analyses based

on previous studies were carried out and a nonlinear finite element analysis was also

performed.

Referring to the moment and shear force diagram (Fig. 1.8), resulting from the test

set up, the loads which will cause the formation of the mechanism (Redwood 1974),

horizontal shear (Blodgett 1963), and the buckling load (predicted by the finite element

analysis) were calculated. The yield failure is given in Table 6.1 as Py, which is the smaller

of the load predicted to cause the formation of the mechanism and the load required to

cause horizontal yielding of the web-post at mid-depth.

A comparison between the Joad values predicted for a buckling failure of the web

post, using NASTRAN, and the load causing the yield failure is presented in Table 6.2 for

the test specimens. Specimens 8-3a and 8-4a are excluded from this discussion because

their modes of failure were dominated by lateral-torsional buckling of the beam. Column

4 of this table shows the percentage difference. A large percentage, the buckling load

being lower than the yield load, could be interpreted as an indication ofsensitivity to web

post buckling.
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ln column 4 ofTable 6.2, specimen 8·3 has a difference ofonly 2.5 % belween Ihe

predicted yield failure load and the load predicted by NA8TRAN ta cause a web,posi

buckling failure. Thus either mode may be expected. In ail other specimens, buckling was

predicted ta be the governing mode of failure. Referring ta column 5, giving the

experimental mode offaiture, specimen 8-3 failed by local buckling and torsion of Ihe tee

section. This may have occurred before the full yield load was reached or al the full yield

load, (probably the latter). Thus was therefore not unexpected based on the predicled

loads.

For ail other specimens, except 8-1 a, the predicted mode of failure, which was

web-post buckling, was also the observed experimental mode of faiture. For specimen 8

la, the experimental mode of faiture was the buckling of the lee-section while Ihe

prediction was buckling of the web-post. Fig. 6.1 is a bar chart which shows a

comparison belween the buckling loads predicted by the linite element analysis

(NA8TRAN) and the load needed ta cause a yield faiture.

6.2 Failure by the Formation of the Mechanism

The calculations for the mechanism failure is based on a study by Redwood

(1978). Table 6.3 and Fig. 6.2 show a comparison between the experimental faiture loads

and the calculated mechanism failure loads for specimens 8-1 a and 8-3. They were the

only specimens ta fait in a mode other than the buckling of the web-post. The method

suggested by Redwood (1978), shows a close and consistent agreement with the

experimental results. Il should be noted that the mechanism theory is a lower bound

value; strain-hardening is ignored. In the past, experimental results used ta justify this

theory by taking the "yield failure load" not as the maximum load in a test, but as an

intercept ta the two tangents as shawn in Fig. 6.4.
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6.3 Comparison of Buckling Loads

The prediction of the buckling loads was estimated using the three methods

discussed earlier, (Blodgett (1963), Aglan and Redwood (1974) and the nonlinear finite

element analysis). The comparisons are summarised in a tabular fonn as weil as in a bar

chari fonn. Specimens 8-la and 8-3, which did not fail by web-post buckling, are omitted

in this comparison.

6.3.1 Blodgett

Table 6.4 gives a comparison between the buckling load predicted by Blodgett's

(1963) method, PB and the maximum test buckling load, Ptest. PB is very conservative,

and it seems this method is not valid for such small thicknesses. The predicted buckling

values are, consistently, conservative, by amounts varying from 53.1 % to 70.7%.

6.3.2 Aglan and Redwood

Table 6.5 is a comparison between the buckling load predicted by Aglan and

Redwood (1974), PAR ' and the maximum test buckling loads, Ptest. PAR is

conservative ellcept for specimens 10-3 and 12-3, (indicated by a negative value). These

results are also presented in the bar chari in Figs. 6.3b and 6.3c. These two values are,

however, close to the ellperimental buckling loads, (6.6 % and 4.2 %). It should be noted

that for specimens 10-1 and 12-1, the method proposed by Aglan and Redwood (1974)

predicted a buckling load higher than the yield failure given in Table 6.1, and therefore, a

yield mechanism is the predicted failure mode.
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6.3.3 Finite Element Analysis (NASTRAN)

Table 6.6 gives a comparison between the maximum test buckling loads and the

predicted web-post buckling based on the finite element analyses, using NASTRAN. The

predictions by NASTRAN, are within 15 % of the test results, except for specimen 10-4,

which is 26.5% higher. The finite element analysis predicted a buckling failure at 14.3

kips (63.6 kN) while experimentally it failed at Il.3 kips (50.3 kN). The mean of the test

to predicted results for ail 10 specimens is 0.993 with a standard deviation of 0.12.

6.4 Overall Comparison

An overall comparison is summarised in Table 6.7. This gives py• which is the

yield failure, i.e. the smaller of the load which causes the formation of the mechanism and

the load required to cause horizontal yielding at mid-depth of the web-post. Py may be

compared with Pcr which is taken to be the load predicted by the finite element mode!.

The smallest of Pcr and Py is compared to the maximum test load Ptest. Table 6.8

summarises the analytical and experimental results.

6.5 Influence of Parameters on Section Behaviour

One of the important results of this study is the data acquired from the tested

specimen. A meaningful comparison can be drawn between the pairs of castellated beam

geometries that are similar in ail aspects except the presence of an intermediate plate or its

absence. Figs. 2.5 and 2.7. Figs. 6.5 to 6.16 show the Load vs. Web Strains of the tested

specimen. Each group of four beams. which originated from the same shape. are plotted

on the same seale.
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Sections with or without Intermediate Plates

The pairs (8-la 8-2a), (8-3 8-4), (10-1 10-2), (10-3 10-4), (12-1 12-2) and (12-3

12-4) have the same geometries except for the presence of an intermediate plate or its

absence. The second ofeach pair has an intermediate plate. There is a significant drop in

the carrying capacity of beams with intermediate plates compared to those without such

plates.

ln buckling analysis, the mid-height of a specimen is a criticat section in

determining the buckling load. In the cases where an irtermediate plate exists, the small

plate section at mid-height compared to the upper and lower sections of the web with

inclined sides, acts as a weak section (Fig. 6.17).

A study of the graphs ofLoad vs. Web Strains (Figs. 6.5 to 6.16), suggest that the

sections with no intermediate plates have a more clearly defined response in the post

buckling range. The sections with intermediate plates seem to show a sudden failure mode

with no load resistance after buckling. On the other hand, the sections with no

intermediate plates show additionalload resistance after buckling.

Sections with no Intermediate Plates

Comparing the pairs of sections with no intermediate plates but with different

angles ofcut and geometries, and in particular the two pairs (10-1 10-3) and (12-1 12-3),

it can be deduced that the angle of eut cp, is not the only parameter which affects the

behaviour of the beams that originate from the same shape. The other influential

parameters are e, b, dt and h. Fig 1.2 is a typical section which identifies these parameters.

A comparison between specimen 10-1 and 10-3 shows that 10-1 has a more favourable

response in the post buckling range and a higher buckling load (taking the asymptote of

the strain curves); on the other hand, a comparison between 12-1 and 12-3 shows that 12

3 has a more favourable response in the post-buckling range and the buckling loads are

very close to each other.
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Sections With Intermediate Plaies

Referring 10 Ihe pairs of sections with intermediate plates that originated from the

same shapes, in particular (10-210-4) and (12-212-4), it can be seen that for the available

geometries, the sections with a phi value of around 450 , has a lower buckling load than

the sections with a phi value of around 600 ; however, the latter shows a less favourable

response in the post buckling range. From this, it may be deduced that the other

parameters e, b, h and dt, which had an important influence on the beams with no

intermediate plate, have less influence when an intermediate plate is introduced. Il seems

that the phi angle is the most influential factor in the post-buckling behaviour where we

have a section with an intermediate plate.

6.6 InOuence of Initial Imperfections

The web out-of-plane flatness causes a decrease in the carrying capacity of the

web-posts. If the imperfections are large, the web-post wil1 undergo large deformations at

loads smal1er than the theoretical value of the buckling load (Chajes 1974). A good

representation is Fig. 6.14 which shows the Load vs. Web Strains for specimen 12-2. The

web-post has an initial out-of-plane deflection of 0.22" (5.6 mm). From the start of

loading, the strains immediately move away ITom each other. The instability seems to be

characterised by a large increase in lateral deflection as the load increases, rather than a

sudden loss of stability. In the case where a web-post undergoes inelastic buckling thE:

initial out-of-plane deflections become more critical, since the web-post is more sensitive

to initial imperfections in the case of inelastic buckling. This is a typical behaviour of

slender columns with large imperfections.

For sorne specimens, even though the load was offset (1 in, 25.4 mm) to initiate

failure on one side, buckling occurred on the south side, i.e. the side opposite to where the

load was offset. This failure may be attributed to the initial large imperfections in the web-
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posts. Table 5.1 is a sumr.lary of the initial web-out-of-plane deflections, camber and

sweep.

6.7 Lateral Supports

To avoid any overalliaterai torsional buckling, the calculations were based on the

CAN/CSA-S 16.I-M89. The area of the holes was subtracted trom the total area of the

web to represent the decrease in strength, in particular the torsional constant. This proved

to be a good approach since overall buckling did not occur in the final test program.

6.8 Analysis of Bearn Sections Tested by Bazile and Texier (1968)

An experimental study on seven castellated steel beams was performed in France,

(Bazile and Texier 1968). Five of the seven beams which were tested failed by web-post

buckling. These beams are referred to as specimens A, B, C, D, and E. Their nominal

dimensions are given in Table C.I d. Th~ length of the beams was chosen as a function of

a multiple of sixteen times the pitch. The l'Jad wu. distributed to eight application points.

This choice ofloading fitted with the span of 16 times the pitch opening, and resulted in a

bending moment and a shear force diagram close to that for a uniformly distributed load.

The load points were located at one pitch from the end supports, trom both ends, and at

intervals oftwo times the pitch length along the span of the beam, Fig. 6.18. The beam

supports were hinged at each end with the possibility of longitudinal displacement.

Vertical lateral supports were provided along the beam to prevent any overall lateral

buckling.

The beams tested at McGiII University had a ratio of (dg-2tOltw varying trom

88.9 to 118.8, while the beams tested by Bazile and Texier (1968) had a ratio varying

trom 46.9 to 72.6.
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Specimens A, B, C, D, and E were anaJysed to detennine the Joad required to

cause the lirst yield (Blodgett 1963), the load required to cause the fonnation of a

mechanism failure (Redwood 1978) and the Joad required to cause the horizontal yield at

mid-depth of the web-post (Blodgett 1968). The smaller of the Joads causing the

fonnation of a mechanism or the horizontal yield is denoted as yield failure and is given in

Table 6.9. The yield stress was taken as 43.5 ksi (303 N/mm2) which is the average of the

results obtained !Tom the coupon tests done for the live specimens.

The load required to cause the buckling ofthe web-post based on Blodgett (1968),

Aglan and Redwood (1974) and a linite element analysis using NASTRAN were

calculated and are given in Table 6.10. The linite element modeJ and the mesh used were

the same as was discussed in Chapter 3. The web-post which is adjacent to the end

support of the beam was analysed. This represents the section with maximum shear.

Referring to Table 6.10, the load required to cause a yield failure is always Jarger than the

Joad needed to cause failure of the bearns by web-post buckling, predicted by any of the

three methods. Therefore, ail three methods suggest a failure by web-post buckling. This

corresponds to the experimental mode of failure of ail live specimens.

Table 6.11 gives a comparison between the experimental failure loads and the

buckling loads predicted by the three different methods. Blodgett's method does not

consistently overestimate or underestimate the experimental buckling load. Il f1uctuates

!Tom 1.5 % to -30.1 %. The method suggested by Aglan and Redwood (1974) gives a

buckling Joad which is always Jower than the experimental buckling Joad. It varies from

10.1 % to 33.3 % lower than the test results. The Joad predicted by the finite element

analysis varies !Tom -J2.4 % to +10.6 % of the experimental results, which is a good

prediction. For these live specimens the mean of test to predicted values is 0.980 with

standard deviation 0.095. For these and the ten specimens failing by web-post buckling

described earlier, the mean of test to predicted values is 0.989 with standard deviation

0.109.
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Table 6.1: Predicted Yield Failure Loads

Test Pmi Phl P 3 Fallure
Specimen (mechanlsm) (horizontal yleld) (k(Ps) Mode

(kips' ) (klps)

8-1a 11.72 18.64 11.72 mechanism
8·2a 13.08 21.90 13.08 mechanism
8·3 11.80 14.50 11.80 mechanism
8-4 13.48 17.04 13.48 mechanism
10-1 17.04 24.06 17.04 mechanism
10-2 19.42 27.64 19.42 mechanism
10-3 18.48 17.00 17.00 horizontal yield
10-4 19.71 19.46 19.46 horizontal yield
12·1 29.35 38.32 29.35 mechanism
12-2 29.94 42.66 29.94 mechanism
12-3 31.70 26.38 26.38 horizontal yield
12·4 33.48 29.60 29.60 horizontal yield

Table 6.2: Prediction ofthe Failure Mode

Test Py p4FEM (Py-PFEM) Experimentai Mode of
Specimen (klps) (buckllns, FEM) Fallure

(kips) Py

8·1a 11.72 10.0 14.7% tee-section buckling
8-2a 13.08 11.1 15.1 % web post buckling
8-3 11.80 11.5 2.5 % tee-section buckling
8-4 13.48 9.9 26.6% web post buckling
10-1 17.04 15.2 10.8% web post buckling
10-2 19.42 13.9 28.4% web post buckling
10·3 17.00 14.7 13.5% web post buckling
10-4 19.46 14.3 26.5% web post buckling
12-1 29.35 23.8 18.9% web post buckling
12-2 29.94 21.3 28.8% web post buckling
12·3 26.38 24.7 6.4% web post buckling
12-4 29.60 24.1 18.6% web post buckling

IRedwood 1978
• t kip-4.448 kN
2Blodgen t963
3Smaller ofPmand PJ.y
4Buckling load predicled by finite clement method (NASTRAN)
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Table 6.3: Failure by the Fonnation ofa Mechanism

Tesl Pm pllesl Plesl- Pm Experlmenlal Mode of
Specimen (mechanism) Fallure

(klps) (klps) Plesl

8-1a 11.72 12.8 8.4% tee-section buckling
8-3 11.80 13.0 9.2% tee-section buckling

Table 6.4: Comparison of p6B vs. Ptest

Tesl PB Plesl Plesl-PB Predlcted Mode of
Specimen (web (esperlmenlal buckllnl\) FaUure'

buckllnlll (kips) Plesl
(kips)

8-1a 5.27 ..... ••••• tee-section buckling
8-2a 4.10 11.2 63.4% tee-section buckling
8-3 5.37 ••••• ••••• tee-section buckling
8-4 4.17 8.9 53.1 % tee-section buckling
10-1 6.03 17.8 66.1 % tee-section buckling
10-2 4.77 13.2 63.9% tee-section buckling
10-3 5.Q3 16.6 69.7% tee-section buckling
10-4 4.00 11.3 64.6% tee-section buckling
12-1 7.63 25.8 70.4% tee-section buckling
12-2 6.47 22.1 70.7% tee-section buckling
12-3 9.3 26.2 64.5% tee-section buckling
12-4 7.63 21.0 63.7% tee-section buckling

SMaximum leslload (Table 5.3)
6Blodgelt 1963
'Predictions based on Blodgelt (J963)
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Table 6.S: Comparison of pBAR vs Ptest

Test PAR Ptest PAR·Ptest Predleted Mode of
Speelmen (web buekllng) (experimental Fallure9

(klps) buekllng) Ptest
(klps)

8-la 17.70 ••••• ••••• yie1d failure
8-2a 11.83 11.20 5.6% web post buckling
8-3 14.63 ••••• ••••• yield failure
8-4 12.90 8.90 44.9% web post buckling
10-1 21.90 17.80 + yield failure
10-2 15.20 13.20 15.2% web post buckling
10-3 15.50 16.60 -6.6% web post buckling
10-4 14.10 11.30 24.8% web post buckling
12-1 36.80 25.80 + yie1d failure
12-2 26.40 22.10 19.4% web post buckling
12-3 25.10 26.20 -4.2% web post buckling
12-4 24.10 21.00 14.7% web post buckling

Table 6.6: Comparison ofP10FEM vs Ptest

Test PFEM Ptest PFEM.Ptest Predieted Mode of
Speeimen (web buekllng) (experimentai Fallurell

(kips) buekllng) Ptest
(kips)

8-la 10.0 ••••• ••••• web post buckling
8-2a 11.1 11.20 -1.0% web post buckling
8-3 11.5 ••••• •••••• yield fsilure
8-4 9.9 8.90 11.2 % web post buckling
10-1 15.2 17.80 -14.6% web post buckling
10-2 13.9 13.20 5.3 % web post buckling
10-3 14.7 16.60 ·11.4 % web post buckling
10-4 14.3 11.30 26.5% web post buckling
12·1 23.8 25.80 -7.7% web post buckling
12-2 21.3 22.10 3.6% web post buckling
12-3 24.7 26.20 -5.7% web post buckling
12-4 24.1 21.00 14.7% web post buckling

BAglan and Redwood 1974
9Prediçtions based on Aglan and Redwood (1974)
+ Invalid çomparison sinee PAR exçeeds the yleld failure
IOBuçkling Joad prediçted by linit. element method (NASTRAN)
Il Bascd on prediçtions by linite element mcthod (NASTRAN)

109



•

•

Table 6.7: Table of Analytical Results

Test Py Pcr pI2 piltest
Specimen

Blodgett Aglan & FEM
Redwood

8-la 11.72 5.27 17.70 10.0 10.0 12.8
8-2a 13.08 4.10 11.83 11.1 11.1 1\.2
8-3 11.80 5.37 14.63 1\.5 1\.5 13.0
8-4 13.48 4.17 12.90 9.9 9.9 8.9
10-1 17.04 6.03 21.90 15.2 15.2 17.8
10-2 19.42 4.77 15.20 13.9 13.9 13.2
10-3 17.00 5.G3 15.50 14.7 14.7 16.6
10-4 19.46 4.00 14.10 14.3 14.3 1\.3
12-1 29.35 7.63 36.80 23.8 23.8 25.8
12-2 29.94 6.47 26.40 21.3 21.3 22.1
12·3 26.38 9.3 25.10 24.7 24.7 26.2
12-4 29.60 7.63 24.10 24.1 24.1 2\.0

12 P is the predicled failure load based on the minimum of Py and Pcr based on the FEM. The laner always
çonlrOls.

13 Plesl is the ullimale \eSlload from Table 5.3
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Tat piS Pm Phy PB PAR PFEM (Py.PFEM) Plesl Experimental
Spceiœea (Ist yield) (mech) (hom. yield) (web (web buckling) (web bucklinll) Mode of Failure

(kips) (kips) (kips) buckling) (kips) (kips) Py (kips)
(kips)

11-1. 9.76 11.72 18.64 5.27 17.70 10.0 14.7% 12.8 tee-section buckling
11-2. 10.40 13.08 21.90 4.10 11.83 11.1 IS.I % 11.2 web post buckling
11-3 9.20 \1.80 14.S0 S.37 14.63 ILS 2.S% 13.0 lce-scction buckling
8-4 9.74 13.48 17.04 4.17 12.90 9.9 26.6% 8.9 web post buckling

10-1 16.50 17.04 24.06 6.03 21.90 15.2 10.8% \7.8 web POSI buckling

10-2 17.36 19.42 27.64 4.77 IS.20 \3.9 28.4% 13.2 web post buckling

10-3 IS.98 18.48 17.00 5.03 IS.SO 14.7 13.5% 16.6 web posl buckling

1004 16.80 19.71 19.46 4.00 14.10 14.3 26.4% 11.3 web post buckling

12·1 21.08 29.35 38.32 7.63 36.80 23.8 18.9% 2S.8 web POSI buckling

12·2 21.84 29.94 42.66 6.47 26.40 21.3 28.8% 22.1 web post buckling

12-3 27.84 31.70 26.38 9.3 2S.10 24.7 6.4% 26.2 web POSI buckling

12-4 28.94 33.48 29.60 7.63 24.10 24.1 18.6% 21.0 web POSI buckling

.5 Blodgelt 1963
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Table 6.9: Predicted Yield failure (Bazile and Texier 1968)

Test PI" yield Pm Phy Py
Specimen (meehanism) (horiL yleld) (klps)

(kips) (klps) (klps)
A 161.40 210.01 243.52 210.01
B 210.71 259.72 293.23 259.72
C 164.62 217.61 347.42 217.61
D 212.84 259.04 345.16 259.04
E 93.44 133.13 159.34 133.13

Table 6.10: Summary of Results (Bazile and Texier 1968)

Test Py PB PAR PfEM Ptest Experimentai
Specimen (kips) (web buekllng) (web buekllng) (web buekllng) (..perimental) Mode 01 fallure

(kips) (kips) (klps) (kips)
A 210.01 183.71 120.62 158.51 180.98 web pOSI buckling
0 259.72 166.32 138.41 157.85 154.00 web post buekling
C 217.61 94.24 107.22 149.23 134.89 web post buekllng
D 259.04 121.31 117.56 145.01 139.38 web post buckling
E \33.\3 55.05 55.9\ 68.36 62.95 "eb post buekling

Table 6.11: Comparlson of Results (Bazile and Texier 1968)

Test PO-Ptest PAR-Ptest PF'EM"Plest
Specimen

p.... p.... p....
A 1.5% -33.3 % -12.4 %

0 g.O% -10.\ % 2.5 %

C -30.1 % -20.5 % 10.6%

D -12.9% -15.6 % 4.0 %

E -12.5% -11.2 % 8.6 %
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Prediction of the Failure Mode
Buckllng (NASTRAN) vs. Yleld Failure

1

o '.11 I.a. u 1.4 10.1 10.2 10" 10.4 12.1 lU 12.1 12,4

Speclmln

Fig. 6.1: Prldlctlon ot th. Fallurl Mod.

Comparison of Failure Loads
Mechanlsm Prediction vs. Experimental

'.11'" ." '.4 10.1 10.2 10.3 10.4 11.1 1U lU 12,4

Speclm.n

FIg. 8.2: compartson ot th. M.chanllm Fallur. Load

113



Comparison of Buckling Loads Comparison of Buckling Loads

..,. _ u

Spedm...
•• ....

Fig. 6.3a: Comp~son of BuckUng Loads (Specimen a·) Fig. a.3b: Comparlson of Buckling Loads (Specimen 10-

Comparison of Buckling Loads

Fig. Ei.3c: Comparison or Buckllng Loads (Specimen 12·)
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Fig. 6.4: Earlier Interpretation of Experimental Results
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Fig. 6.17: Typical Web Post Section (With and Without an Intennediate Plate)
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Chapter 7

Summary and Conclusion

7.1 Summary

The main objective of this investigation was to detect, analyse and test castellated

beams for which the geometry was predicted to be susceptible to web post buckling. The

modes of failure and their corresponding loads were predicted based on a number of

previous studies.

In order to provide a new assessment tool, a nonlinear finite element analysis was

carried out. NASTRAN was used because of its nonlinear buckling analysis capabilities.

The results from NASTRAN were used as a prediction for the mode of failure and ils

corresponding load. To deterrnine the accuracy of the model and the analysis, the results

were compared to the experimental failure loads, which wem obtained from a series of

laboratory tests.

The beams were provided by Chaparral Steel. They were fabricated by CANAM.

The notable feature ofthese beams is their thin webs.

The applied load which causes the formation of the mechanism faiture (Redwood

1978) was calculated. This value was compared to the load which causes a horizontal

shear faiture, which was based on an analysis of Blodgett (1963). The smaller of these

two loads, Py, was compared to the buckling load determined from NASTRAN. A large

difference. with the yield failure being the larger value, was an indication of a web post

failure before any other mode offaiture.
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The load at tirst yield was also calculated, based on an analysis of Blodgett

(1963).

ln addition to the buckling predictions produced trom NASTRAN, a method

suggested by Aglan and Redwood (1974) and another by Blodgett (1963) were used to

predict the load at which buckling of the web posts occurs. An experimental study by

Bazile and Texier (1968) is discussed briefly. The bearns in this test prograrn which faHed

by web post buckling were analysed.

The results of this work are discussed and compared in Chapters 5 and 6.

7.2 Conclusion

From this study, conclusions can be drawn based on the experimental results, and

on the methods used to predict the modes offailure and their corresponding loads.

i. For the avaHable shapes, Bantarn Bearn Shapes, web post buckling can be the critical

mode offaHure. Due to the very thin web posts, the bearns which were tested failed

due to the buckling of their web posts, except for specimens 8-1a and 8-3 which

faHed due to the buckling ofthe tee-section.

ii. Bearns with intermediate plates have a lower failure load than beams with no

intermediate plates. In many cases there is a significant drop in the load carrying

capacity forthese bearns. The ratios oflike pairs vary trom 1.16 to 1.46.

iii. Bearns with no intermediate plate have a more favourable behaviour after buckling.

They show additional load resistance after buckling deformations were observed.

Specimens 10-1 and 12·3 are an exarnple ofthis kind ofbehaviour, as iIIustrated in

Figs. 6.9 and 6.15.
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iv. For beams with no intennediate plates, the parameters e, dt, h, b and phi all have an

influence on the carrying capacity and the behaviour of the web post after buckling.

v. For beams with intennediate plates, the phi angle seems to have the greatest effect on

the behaviour after buckling. The phi angle of 4So shows a more favourable post

buckling behaviour.

vi. Castellated beams undergo a number of cutting and welding procedures during the

fabrication process. Sweep, camber and out-of-plane deflections, are above the

allowable Iimits in some ofthe specimens. These values are given in Table S.I.

vii. The method suggested by Redwood (1978) for the prediction of the mechanism

mode offailure is reasonably conservative and accurate. The theory is a lower bound

value, strain-hardening is ignored.

viii. The buckling predictions suggested by Blodgett (1963), for the specimens which

were tested at McGiIl University, yielded conservative results, by amounts varying

from S3.! % to 70.7 %. On the other hand, for the specimens which were tested by

Bazile and Texier (1968), Blodgett's method showed an improved estimation of the

buckling load. For these the predictions varied from +I.S % to -30.1 %. Il seems

that this method is not valid for specimens with very thin webs as is the case for the

beams tested at McGiII University with a ratio of (dg-2tOltw varying from 88.9 to

118.8. This ratio varies between 46.9 and 72.6 for the beams tested by Bazile and

Texier (1968).

ix. The buckling prediction suggested by AgIan and Redwood (1974) is a very simple

method to use by making use ofthe design aids, and yielded conservative relUits for
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• the specimens which were tested at McGiII University and for the specimens tested

by Bazile and Texier (1968). The test to predicted ratios are given in Tables 6.5 and

6.1 I.

x. The buckling results produced from the finite element analysis required a

considerable amount of work but the results were close to the experimental loads.

The prediction, from NASTRAN, for the specimens tested at McGiII University are

within 15 % of the test results, except for specimen 10-4, which is 26.5 % higher.

The buckIing predictions for the specimens tested by Bazile and Texier (1968) varied

by amounts from +2.5 % to -12.4 %. The buckting predictions from the finite

element analysis are in the same range for the two sets of beams. The analysis does

not seem to be affected by the change in the web or flange thicknesses nor in any

change in the other variables. The test to predicted ratios are given in Tables 6.6

and 6.11. The finite element analysis is a dependable method ofanalysis.

xi. The mean of test to predicted results, based on the finite element analysis, for ail 10

specimens tested at McGiII University is 0.993 with standard deviation 0.120. For

the five specimens tested by Bazile and Texier (1968), which tàiled by web-post

buckIing, the mean oftest to predicted values is 0.980 with standard deviation 0.095.

For these and the ten tested specimens, at McGiII University, which failed by web

post buckling, the mean of test to predicted values is 0.989 with standard deviation

0.109.

•
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Appendix A

Finite Element Analysis

A.t Nonlinear Statie Analysis Strategies

A nonlinear solution strategy is required to solve nonlinear problems (Macneal-

Schwendler Corp. 1992a). There are live basic tasks in a nonlinear solution scheme.

• Determine an increment to advance forward.

• Stiffness update.

• Displacement prediction.

• Element state update.

• Unbalanced force and convergence check.

There are a number of different advancing schemes, stiffness updates and

convergence criterium.

An algorithm is presented to clariCy the solution strategy:

1. Determine an increment to move forward on the equilibrium path.

2. Determine an estimate ofa tangent stiffness matrix.

3. Determine the displacement increment to move forward, generally by

solving equilibrium equations.

4. Calculate the element resisting forces.
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5. Calculate the unbalanced load and check for convergence. If converged,

go to step 1.

If not converged, continue, as follows, with the correcting phase (iteration phase).

6. Determine an estimate oftangent stiffness matrix.

7. Determine the displacement increment due to the unbalanced load.

8. Calculate the element resisting forces.

9. Calculate the unbalanced load and check for convergence. If converged,

go to Step 1. If not, go to step 6.

Please refer to Fig. AI.

The different tasks in a non1inear solution strategy will be discussed individually

in the sections that follow.

A.l.1 Advanc\ng Schema

• Constant load increments

The number of load increments are specified for a particular subcase.

This is done in the user interface NLPARM. The more load increments

you have, the better are the chances ofobtaining an accurate result.

• Displacement increment

Constant displacements are specified for selected individual or sets of

degrees of freedom. The displacement is processed incrementa1ly in the

subcase. This option May be used in combination with load increment.

The user interface is SPCD or SPC.

• AIe length increments

1. Crisfiel Method:

Specify increments in terms ofan arc in load-displacement space

Fig. A.2. It is useful for following the equilibrium path in the

unstable regit1n as the load increment can he negative, Fig. A.3.
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2.

/:),.1 2 = /:),.11 2
+/:),.U

T
/:),.U [A.l]

P. = Il,P

/:),.11 = Il. -11,-1

/:),.11 =incremental load factor
(),./ = arciength

Riks:

Riks method avoids the solution of the quadratic equation, which

needs to be done in the arc length method, by enforcing a normal

plane constraint, Fig. A.4.

3. Modified Riks:

Modified Riks method continues to change the normal plane

constraint with every iteration Fig. A.5.

User Interface:

• NLPCI:

• NLPARM:

For Arc Length Increment

For Load Increment

• SPCD or SPC: For Displacement Incremer,t

~: NLPCI is used in combination with NLPARM. The initial

arc length is based on the load increment specified in the

NLPARM.

A.1.2 StifTne5s Upd.te

• Newton-Raphson (NR) Method

• Concept.
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1- Advance forward by constant and positive load increments.

2- Tangent stiffness is formed at every iteration ITom the current

element state.

3· Displacement is predicted and corrected by solving equilibrium

equations.

Weaknesses.

Cannot trace the unstable or post-buckling behavior.

No convergence if total applied load is greater than the structure

strength.

Path-dependent state determination.(Use of non converged

reference state May cause the inelastic material response to difrer

ITom the true response. Plesse refer to Fig. A.6.

• Modified Newton Raphson Method

Stiffness update at every k-th iteration, which has to be specified. This

May be done by the user interface NLPARM with the KSTEP option.

• Based On The Rate ofConvergence

The stifthess update is based on the rate of convergence. The logic is

hardware dependent. For the same problem, the solution path May he

different depending on the hardware.

• Quasi-Newton Stiffness Update

Modified stiffness matrix should he a secant stiffness matrix for the

displacements calculated in the previous iterations.

Modified stiffness should preserve symmetry and he positive

definite.
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The inverse of the modified stiffness is inexpensive to calculate.

Invert by Shennan-Morrison identity to get K;I. No need for

matrix generation and decomposition.

Displacement increment using modified stiffness should be

inexpensive to calculate.

By, using the available defaults, the stiffness update schemes are automated and

the user does not have to select the method to use.

A.l.3 Displacement Prediction

• Solution of Equilibrium Equations

• Line Search Method

Concept

- Improves displacement increment calculated from the equilibrium

equation, because those displacement increments are not

necessarily the best estimates ofthe equilibrium state.

- Seeks a multiple of displacement increment (a) that minimizes a

measure ofwork done by unbalanced forces. This is applicable for

each iteration.

A.l.4 Element State Update

Update element state to calculate element forces.

where:
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A.I.S Convergence Criteria

There are three convergence criteria. The user has the option of using one or a

combination of the three which is tested at every iteration after the line search.

- Error tolerance for displacement criterion

- Error tolerance for load criterion

- Error tolerance for work criterion

Note:

- 1t is important to consider the convergence criteria depending on the

avaitable system, if it is a stiffening or softening system. ln a

stiffening system, for example, an error in the load will cause a small

error in the displacement white in a softening system, an error in the

load will result in a large error in the displacement

- Tightening up the convergence tolerances will cause a waste of

computing resources while loose tolerances will cause inaccuracy

and difficulties in the subsequent steps.

A.2 Restarts

A restart run requests that data stored in a previous run be used in the cunent run.

ln the case of buckling ana1ysis, one may make use of this option. Nonlinear ana1ysis is

perforrned until there is no convergence. The following message is conveyed; "max.

number of bisections or min. load step has been reached" or "the following degrees of

freedom have negative terrns on the factor diagonal of matrix decomposition", (Macnea1

Schwendler Corp. 199Ib). At a few increments below that point, a restart run is initiated

to crorry on with the buckling analysis.
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A.3 Buckling

A.3.1 Instability

There are two types of instability phenomenon. One is snap-through and the other

is bifurcation buckling (Macneal-Schwendler Corp. 1992).

• Snap-Through:

For loads beyond a stationary point in the load-deflection curve,

loss of stability occurs. The structure assumes a completely

different displaced configuration, Fig. A,7.

• Bifurcation:

A bifurcation point is a point where two or more equilibrium paths

intersect in the load-deflection corve. For loads heyond that point,

loss of stability occurs and the structure buckles, Fig. A,S.

A.3.2 Linear vs. Nonlinear Buekling

The fol1owing is a comparison between the linear and nonlinear buckling options.

Linear Nonlinear

Kinematic relationship is Iinear Kinematic relationship is nonlinear

Constitutive relationship is Iinear Constitutive relationship may he nonlinear

Equilibrium is satisfied in perturhed Equilibrium is satisfied in deformed

configuration configuration

Geometrie stiffness is assumed proportional to Geometrie stiffness is assumed proportional to

the load displacement increment.

User interface SOL lOS User interface SOL 106

134



• A.3.3 Concept and User Interface

Concept

The buckling load is reached by using the command "PARAM, Buckle" in a

restart run (Macneal-Schwendler Corp. 1993b). The theory is as follows:

• Eigenvalue problem:

[K. + i..M][~] ={O} [A.2]

with M =K. - K._1

M = Incrementai Stiffness

• Kn and Kn-] are evaluated at the known solution points in the vicinity

of instability.

F;, :; Fi•• )+t K(u)du = F" + lA K(À)6udi.... [A.3]
•

• Critical displacement

{u.,} ={u.} +i..{6u}
where {6u} = {u.}-{u._,} [A.4]

• Critical buckling load by matching virtua1 work

6uTF;, =6uT P.,
{P

rr
} = {p"}+a{âP} [A.5]

•
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where {aP} = {p.}-{p,,-,}

À{ÔUV[K. +~MK ]<ÔU}
CL =--7{Ô-U7;V~{aP---;-}-"---

• The tangent stiffness is assumed to change Iinearly with displacement

• Internai loads are quadratic functions of displacement increments, Fig.

A.9.

User Interface

Run SOL 106 until a negative determinant of [K] is encountered

Make a restart run for buckling analysis by including the following (Macneal

Schwendler Corp. 1992b):

Use

• PARAM, BUCKLE,I

• PARAM, LGDISP, 1

• NLPARM

• EIGB

• Provide two smallioading steps below the buckling point
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A.4 Nonlinear Elements

A.4.1 Types of Nonlinear Elements

QUAD4 elements were used in the analysis because they are nonlinear elements

and thus have large strain capabilities among other properties. These are discussed in the

section that follows.

A.4.2 Nonlinear Shelland Plate Elements

The QUAD4 element has the following properties:

• Isoparametric elements

• Membrane and plate bending applicable to nonlinear material

• Transverse shear (Mindlin) remains Iinear

• Simulate thick or thin curved shell

• Each connecting node bas 6 DOFs

• Pass constant stress patch test

• No shear locking

• Force components:

Membrane forces: F..Fy.F.,

Bending moments: .If,. My. M.,

Transverse shear forces: Q,. Qy

• Stress components:

a,.ay,t., (atcenter)
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• Displaeement eomponents:

u,
9,.9,

• Nonlinear capabilities:

Geometrie nonlinear

Material nonlinear
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( ~·IorWalllJzaarpur L FtlApr2B12:1B:541995 J(iJ

ID p!,op12b,NLa
SOL 106
TIME 900
CEND
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SET 1_16.30.216,230
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DIS•• 1
MAXLINES- ]00000
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RL'AIUI • 9

SIlIICASE 2
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••• (1) •• ·(19.71 ••••••0
••• (1) •• ·(19.81 •••••• 0
•• ·(11 •• ·(19.BI ••••••0
••• (1) •• ·(19.81 ••• • •• 0
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•• ·Ilt •• ·{19.81 •••••• 0
•• ·t11 •• ·(19.81 •••••• 0
•• '(1) •• ·119.71 •••••• 0
·.'(11 •• ·IJ9.71.=•••• 0
•• '111 •• ·119.81, ••••• 3
GRID.Jl ••0.0.C89.8.0.0•• 0
•• '(11 •• 19.05•••••• 0
•• ·C11 •• ·C19.051 •••••• 0
•• '1101 •• ·(280.61 ••••••0
=.'111 •• ·C19.05) •••••• 0
·.'111 •• ·119.05) •••••• 0
GRIO.2J1•• 0.0.19.0.0.0•• 0
·.·C11 •• 19.0S•••••• 0
•• ·{ll •• ·(19.0SI •••••• 0
•• ·C101 •• '1280.61 ••• =•• 0
•• '(11 •• ·C19.051 •••••• 0
•• '(1) •• '(19.051 ••• =•• 0
GRIO.3C•• 66.0•••65.3.0.0••0
•• '111 •• ·127.9.1 •••••• 0
=Clt
ORIO.21••• 66.0•• 6).5.0.0•• 0
•• '(11 •• ·(27.9.1 •••••• 0
·ClI
GRID.C6•• 0.0.465.3.0.0•• 0
-.'111 •• 19.05•••••• 0
•• '111 •• ·119.051 •••••• 0
GRIO.2.6•• 0.0.61.5.0.0••0
•• '(11 •• 19.05.~.=•• 0
••• (1) •• ·119.051 •••••• 0
GRIO.58•• 318 .•••65.3.0.0•• 0
•• '111 •• ·119.05) •••••• 0
•• '(1) •• ·119.05) •••••• 0
GRIO.258•• 318 ••• 63.5.0.0•• 0
•• '111 •• ·119.051 •••••• 0
•• '(1) •• ·119.051 •••••• 0
GRID••9•• 58.3 ••29.7.0.0••0
•• '111 •• ·129.81 •••••• 0
·Cl)

. ' .~ i

139



."'11 ~

e
----------------------_.~

l.l8IIJW "". Walld ZlIarour ' , FrfApr28 12:18:54 1995 IlIJ
ORI0.2n. .58.l.98.1.0.0. • 0 '". ·111 • .·Cl9.7t,IE .. =. .0
-. ·'11. .. ·.29 .. 81 .. ••• • •0 a •• 111. .·119.81.=.2. .0
-1'71 ORlO.60!. .0.0.0.0.-lB.9• • 0
ORIO.61. .18.2.l94.0.0.0• • 0 :11:, • C1l, .19.8.2 ••• • 0
_. °fl). .·124.1., ..... .0 -. ·111. ,-t)9.1),.,., .0
·t11 •• • .. 1) • • ·U9.1I.-.=. .0
eRlo.au. .1'.1.131.1.0.0 • • 0 • •• Cl 1. • ·119.81.· ••• •0
·.·tu. .·.2•.7..•.• ,.. .0 -,. Cl)" .·119.81 ••••• .0
-111 ~. -Il) • . ·.l'.SI .. ·.a . • 0
01'10.10. .98.1.l59.4.0.0. •0 ".·01 • • ·U9.BI .... =• .0
•• 0tU. .. ·Cl'.1' ...... •0 -. ·111. .·119.BI.=.·• .0
• (1) •• ·111. • ·119.81. =••• • 0
0Iuo.a10. .9'.2.161.4.0.0• •0 • •• tll. .·119.81.·.·. .0
·.·UI. I·Cl'.1).~••• •0 lE,· C1I .. ,·119 .. 8),=,., .0
.(11 ••• Cl 1. .·Cl9.11. •••• • 0
ORIO.'9. .108.1.l41.6.0.0. .0 -,. (1) .. t- (l9.J',-,-, .0
-.-Cll .. .·(1'7.1........ .0 •• ·111 • • ·C19.81, •.•• • 0
.11t CRIO.SOI. .0.0.S;l8.8.l8.9. .0
ORI0.21f, .108.7.116.2.0.0• • 0 •• ·111. ,19.B,-,-, .0
•• ·111. • ·Cl1.1....... ·, .0 • •• ClI. 1 -ll9.11. =,-, .0
.171 -,. (1)" .·U9.1L"." • • 0
ORIO.'8. .119.1.J2l.7.0.0 • • 0 ". ·111 • • -(19.8) ,:c, •• • 0
•• ·tU. 1 ·Cl•. 61, •••• • 0 • •• tll • • ·119.81.· ••• • 0
.(7) ". ·ClI. ,-C19 .. B),z,= • .0
ORIO.2U. • 119.1.101.0.0.0• •0 'SI· Cl) .. ,·(19,81,&,-• • 0
•• ·111. ,·.1•.6).*.-• •0 Z' • • fIl .. , ·f19.81.=.-. .0
• 111 =•• (11 • • ·flCJ.II .. • .... .0
GIUO.97. • 119.6. J01. O. O. O. .0 ..... (1) .. • ·09.81.-.'" • • 0
•• ·UI • .. ·CI2.11,-,a• •0 •• ·111. .·119.81.=." • • 0
.(11 -.·UI. .·119.11. •• =• • 0
ClRID.Z91. .119.6.111.0.0.0. .0 ·.·UI. .·U9.11.'".· • .0
••• fll. ... ·Ili.ll,-,- . .0 ·.·.1), ,·(19.81,E,it • .0
• (11 GRIO.701. .0.0.0.0.3B.9• • 0
GRID.106• • 119.1.289.1.0.0• • 0 •• ·111. .19.8 ....... .0
•• ·(11. ,,·.9.51, •••• .0 ..·UI. .-1]'.') , •. =. .0
·(11 •• ·UI. ,·CJ9.71 ...... .0
(]Rlo.30li • • lJ'.1.139.0.0.0• •0 .,. (11 • • ·U9.81.·.· • .0
••• tll. • ·.' .. 51,,· ••• .0 - ... Cl) • • ·CI9.8).·.·. .0
·(1) -. ·UI. ,·(19.81.· .... , .0
ORIO.115 • •139.1.176.4.0.0 • • 0 ., - Cll • • ·119.81.'" ••• • 0
••• UI. .·C9.51 •• ,., .0 - ... Cll • • ·119.BI.·."' • •0
·(71 ••• U), .·119.BI.-.'". .0
G1tIO.315. .13'.1.251.1.0.0• •0 - •• (1 ... • ·11'.81 ••••• .0
·,-Cll. • ·Ct.51 ••••" , 0 •• -Ill. .·(19.' ..•.•. .0
-t11 •• ·111. .·139.11.·.·. .0
(]RIO. lU • • ll9.1.16••••0.0. .0 " •• ClI • • ·U'.11.·.· • • 0
·.·CU. .·.9.51.·.·. • 0 ..-{ll . .·n9.BI.·.-. .0
·C1) CQUAD4.1.99.16.11.1.1 • •0.0
(]RIO. 401. .0.0.51•••• -J•• 9 • • 0 ". ·111.9'. ·111. ·111. ·111. - Cl 1• .0.0
-. ·tll • . lt ....."., • 0 .tUI
-. ·(11. .·C31.11, ... •• .0 CQUAD4.101.CJ9.101.1~1.111.116• •0.0
•• ·(U. .·U9.1•••••• • 0 •• - 111. 99. ·111. - C11. '111. ·111 • •0.0
·.·111. ,·.19 .•1••••• .0 .CU •
•• ·111. • ·(11 .... , ...... .0 COUAD4.15.9'.ll.l1.17.16 • • 0.0
•• ·(U. • ·(19•••• ••• • • 0 ..·Cll.99.·lll.·lll.·Cll.·Cll • • 0.0
•• ·(U. .·119.81 ••••• •0 .(UI
-. ·(11. .·U'.81 ••• •• .0 0QUAD4.115.".116.211.2l1.1l1• •0.0
-.·(U. .·Cl' .••••••. •0 ..·111.99.·111.·111.·111.·111 • .0.0
-.·CU. .·Cl'.I1.•.•. .0 -U21
-.·CU • • ·119.1) ••••• • 0 CQUAD•• 19.99.46••7.12.31 • .0.0
•• ·CU. • ·C3'.1' •• •••• .0 ". ·111.99 .·lll.-CII.·lll,·III • . 0.0

-- ). ' .( ::.,'.' -. , ":',' .'
.. , .. ,r" ...
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.1121
COUADt.229.99.231.232.2.7.Z.5••0.0
•• '111.".'111.'111.'111.'111 ••0.0
.1121
CQU~••1.".51.52.50••' •• 0.0
•• ·lll ••• ·(ll.·lll.·lll.·Cll •• 0.0
·151
CQUAD•• 2.3.99.2.9.250.262.261•• 0.0
•• ·lll ••• ·Cll.·lll.·lll.·lll •• 0.0
.161
CQU~.51.99.70.71.62.61•• 0.0
•• ·111 ••• ·111.·111.·111.·(11 •• 0.0
·161
~JAD•• 2~1.99.~61.26Z.271.270•• 0.0
o.·lll.s.·(II.·lll.·'II.·'li •• 0.0
·161
CQUADt.59.99.79.80.71.70•• 0.0
•• ·'11 ••• ·111.·111.·'11.·111 •• 0.0
·111
~.259.'9.270.271.280.279•• 0.0
•• ·(11 •••• 111 •• (11.·'11.·111 •• 0.0
.(61
COU~.67.99.88.89.80.79•• 0.0
•• ·111 ••• ·'11.·111.·(11.·'11 ••0.0
.(61
CQU~.217.99.279.280.289.288•• 0.0
•• ·Cll ••• ·lll.·.11.·Cll.·lll •• 0.0
·C61
CQUADt.75.".97.'8.89.88•• 0.0
••• lll •••• Cll.·lll.·Cll.·Cll •• 0.0
·151
COUADt.275.99.288.28'.298.2,7•• 0.0
•• ·111 ••• ·111.·111.·(11.·111 ••0.0
.(61
~.83.".106.107.98.97••0.0
••• 111 •••• 111.·111.·(11.·111 ••0.0
·161
CQU~.283.'9.297.2'8.307.305••0.0
•• ·lll •••• Cll •• lll.·(II.·lll •• 0.0
.151
CQUAD•• 91.11.115.111.107.105•• 0.0
••• 111 •••• 111.·111.·111.·111 ••0.0
·C61
CQUAD•• 291.11.306.107.116.315••0.0
•• ·lll ••• ·lll.·Cll.·(II.·lll ••0.0
·161
CQUAD•• 99.11.12•• 125.116.115••0.0
•• ·Cl) •••• lll.·.11.·Cll.·lll •• 0.0
·16)
~.299.11.J15.316.125.12•••0.0
••• (11 ••• ·(11.·111 •• (11.·111 ••0.0
-161
CQU~••01.100.1.2 ••02••01•• 0.0
••• 111 ••• ·111.·(11 •• 111.·(11 ••0.0
.(12)
CQU~.501.100.501.502.2.1••0.0
••• Cll ••• ·lll.·Cll.·lll.·(II ••0.0
.(12)
~.601.100.201.202.602.~31•• 0.0
•• ·lll ••• ·ll).·lll.·Cll.·Cll •• 0.0
·C121

CQUAD•• 701.100.701.702.202.201 •• 0.0
". ·UI. =.' Ill." Ill. "Ill. "Ill. .0.0
-1121
HATl.I.190000.0•• 0.1
HAT51.1 •• PLASTIC.0.0.I.2.1.2.0
P5HELL.99.1 ••. 5.1
P5HELL.l1.1 ••. 5.1
PSHELL.l00.1.5.72.1
FORCE. 9. 16•• 15000.0.0.0.1.0.0.0
•••• 10•• 15000.0.0.0.-1.0.0.0
•••• 216•• 15000.0.0.0.1.0.0.0
=.=.230•• 15000.0.0.0.-1.0.0.0
•• =.16•• 59.60.0.1.0.0.0.0.0
".".30•• 80760.0.-1.0.0.0.0.0
".=.216•• 59.60.0.-1.0.0.0.0.0
" ••• 230•• 80760.0.1.0.0.0.0.0
FORCE.l9.16•• 20000.0.0.0.1.0.0.0
•••• 30•• 20000.0.0.0.-1.0.0.0
•••• 216•• 20000.0.0.0.1.0.0.0
•••• 230•• 20000.0.0.0.-1.0.0.0
•••• 16••79280.0.1.0.0.0.0.0
".-.30•• 107680.0.-1.0.0.0.0.0
• ••• 216••79280.0.-1.0.0.0.0.0
".=.230••107680.0.1.0.0.0.0.0
FORCE. 29. 16•• 35000.0.0.0.1.0.0.0
-.=.30•• 35000.0.0.0.-1.0.0.0
•••• 216•• 35000.0.0.0.1.0.0.0
=.•• 230•• 35000.0.0.0.-1.0.0.0
-.".16•• 1387.0.0.1.0.0.0.0.0
·.=.30•• 188••0.0.-1.0.0.0.0.0
=.".216•• 1387.0.0.-1.0.0.0.0.0
•••• 230•• 188••0.0.1.0.0.0.0.0
œD!JATA

(-~. . .
_ ~:. • • _ 4' ~

• ;"':' '. :; •. " '.. :' C.!·'· "':.. .
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Listing for Walid Zaarour

__•..:. E A:2 LISTING Of RESTART. •)~Wed Mar 2912:21:151995 L..!.-J

FF.sTAIlT 'JERSIOII"l ICEEP
1~;SlGt' HA.')'TER ,., ·propI2b.HA!ITF.R"
10 SPEClR.lILB
SOL 106
TIME 900
,'END
TITLE"RESTART FOR BUCKLUJG
SET 2,., lR.51.6S.1.
ECHO " UNSORT

DISP • 2
METHOO,.90

PARAIt. BUCKLE. 1
PARAIt. SUBI0."
PARAIf.LOOPID.10
SUBCASE 1

LOAD .. 9
NLPARH .. 9

SUBCASE 2
LOAO .. 19
l'LPAR" lE 19

SUBCASEJ
LOAO .. 29
NLPARH .. 29

SUBCASE ..
LOAD .. 29
NLPARM .. 69

BEGIN BUUC
EIGB.90,5INV.·S.O.5.0.20.J.l, ,'EIGB
'EIGB,HAX
NLPARH, 69.2••AUTO, 1•••YES
ENODATA

("--- J



5. Rt - UnbalancedIe. R2 - Unbalanced
lOild Load

Concee!

1. Kt - Eltlma" 4. F, _ Element
of Tangent Fore.
Stttfne..

2. Ko - Eltlm.te of
Tin nt Stttf....

t- .,-.., Dllplacement. u

/,
3. âUo- Dllpl.cement 7. AU, - DI.pl.cement

Predlctlone Correction

1. F2 - Element
Force

where Steps 1 througtl 5 =advancJng (predlctlng) phase.

Steps 6 through 9 =correctlng (Itersllng) phase.

• AP1 need not equal AP2'

• Ka need not equal K1•

Fig. A.t: Nonlinear Analysis Concept (MSC*)

• Taken from Lee (1992)

llt3



p

L......j ------~u

âJ11 =Initiai Load Increment

AJ1c =Converged Load Increment

Crlsfield Method

p

Constant Load Increment

Fig. A.2: Crisfield vs. Load Increment Method (MSC*)

Clrcular
arc with
radius At

v.....--------u
Crlsfield Method

---------u
Constant Load Increment:..--------------------------------'

Fig. A.3: Crisfield Method in Unstable Region (MSC*)



u

Fig. A.4: Rib Method (MSC·)

u

Fig. A.S: Modified Riks Method (MSC·)
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1. Load Increment =
P - Fo = Ro

p

1 R1 5. Unbalanced Force

14. ~Iement Force f1
1 1

1 1 7. K1 à u1 =R1
1 1
1 1

Current jStat" 8. Element Force F2
Form 1

Uo u1 u2

r--III-1
Auo àU1

where Steps 1 through 5 =advanclng phase.

Steps 6 through 9 =correctlng phase.

• Advance forward by constant and positive load Increments.

• Tangent stiffness Is formed at every Iteration.

• Displacement 19 predicted and corrected by solvlng equl1lbrlL
equations.

•Fig. A.6: Newton Raphson Method (MSC )
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r

•Fig. A.7: Snap Through (MSC )

p

......------Â

p

Perit

Fig. A.8: Bifurcation Buckling (MSC·)
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p
aâPl pe~

âPl P
n-1

K

Llmlt Point or
/ / Bifurcation

-~....-4I~..~ Point

âU

t ..

Un-1 Un Uer Uer U

Predleted by AnlIlyl'l J

u

Note: The error ln Uer may be large, but the correspondlng error ln
Per Is small.

Fig. A.9: Buc:kling Concept (MSC·)
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FIG A.la: FINlTE ELEMENT MODEL
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•
UC/XL V3B

19 Apr 93
Database:pro12del.xdb

App1ication:MSC/NASTRAN

Il! 1: Relult.DI
Buckling ADaly.iI
aubea.1 2 1

BuckliDg 2
Def. SU1x:al. 2

UndoSpin Llbe1son LabelsOff!~ Refresh

1

Plot In Vin 1
zrase Vin 1

------~-----_.

Animate
Graph 1
Arrow
Export

v

v

.o.View 1
Part 0
Tables
Too1s
Geometry
PD
ADa1ysis

XY Plotting
Interface wlth

v

.0. AutoScale On
Sca1e By 70.3
QuickEditllT
Def. Color Cya
Ondef. Color G
Deformed On

.0. Resu1tsTible l
ColorRange 1
Tit1e 1
Contours

.0.

A1r8P1aY On
1 DoDe-) aeplay on IBraie
1 Done-) Edit DilplayTable/1 BouDc!aryColoringIIo
1 Done-) l4it ColorTable/l Global-CyaD /Nodify

~
1 Done-> Ilefrelh Vin/l IRo,iD4/HoBrale/ROCente
1 Done-> l4it Dilplayfahle/l lo1Uldaz'yColor!Dgllo
1 Done-> !dit ColorTable/l Global-White IlIo4if

vrepleyoff
v

Fig. A.1l: Finite Element Model (Buckled Shape)
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•

Fig. A.12: Failed Test Specimen (12-2)

Fig. A.13: Failed Test Specimen (12-3)
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•. AppendixB

Spreadsheet Samples

•
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•

TABLEBol: SAMPLE INPUT. OUTPUT NEEDED FOR FURTHER CALCULATIONS

•

INPUT 1
bl • WICfth of flang. • 3._ ln.

Il • Thlck.... 011lMge • 0.225 ln.
tw · Thkk...... ofweb = 0.177 ln.
dt • Deplh 01 lM = 3.000 ln.
S · Clio CI 01 hoIe = 17.250 ln.
L • longlh 01 bMm = 120.000 ln.
Fy • yIoId.-. • 50.000 ksi
do · original dopth · 11.S" ln.

• • wkIth .llop 01 hoIe (01 = 2.745 ln.
phi · analo ollncllnallon · '5.170 d..,.

OUTPUT 1
d • Iof.s dopth 01 _1011. (do nol pull = 18.&20 ln.

2H • Iof.s hoIght ln oponIng (do nol pull • 13.&20 ln.
dw • Deplh 01_ 01 lM_n (do nol pull = 2.775 ln.
CG • dt·yI • 0.74 ln.- · go.phl · 0.7a rad.
do • original dopth · lUI ln.
h • d-2-tf • 18.37 ln.

Aw · (d·2°tl)°tw · 3.43 1n-2
AI • bl"11 = O.S InA2

Alpha • (31t 8)·(dI(0/2)) A2.(l.(2"'dJl A2 • 3.5.
Mp • lbl"tI"(d·tI)+0.25·...h A2)·Fy · 1505.7. klps-ln
Vp · "'(d·2·tI)·Fy/Gtoqrl(3) = 88.87 klps
L' • U2-S12 • 51.375 ln.
LU • U2-812-8 • 34.13 ln.
yi • (lbl"tI)·(dt·II12I+(Iw"dwA2/2lll(lbl"tI)+("'dw1 • 2.2. ln.

phi • anglo ollncllnallon · 0.788 rad.
hp • htol p_ · 2.000 ln.
b • _ Iongth 01 oIopo lbl (do not pull · 5._ ln.

hl.looal • holoht 01""'" oIona • 5.81 ln.

,....



•

Table 8.2: CALCULATION OF FIRST YIELD

Ig = bf*d" 3/12-«bf-tw)*(d-2*tf) " 3/12+(tw*(2*(2H/2 = 200.67 in"4
yt = f(bf*tf)*(dt-tf/2)+ (tw*dw" 2/2»/«bf*tf)+ (tw*dw» = 2.26 in
1(0) = bf*tf" 3/12+tw*dw" 3/12 = 0.32 in"4
1(1) = bf*tf*(tf/2+dw-yt)" 2+tw*dw*(dw/2-yt)" 2 = 0.65 in"4
I(T) = 1(0) +1(1) = 0.96 in"4
st = 1(T)/(dt-yt) = 1.31 in"3
Ss = I(T)/yt = 0.43 in"3
Sg = 2*lg/d = 20.25 in"3
La = (l/2-(s/2)+ (e/2» = 52.75 in
Lb = (l/2-(s/2)-(e/2» = 50.00 in

Flrat Vleld (take smaller and multiply by 2 ta get the load ·P1

•

V (stem) =
V (f1ange) =

Fy/«+La*(2H/2)/Ig)+e/(4*Ss»
Fy/«+ Lb/Sg) + (e/(4*5f»)

154

=
=

14.58 kips
16.70 kips



•

TA 6 LE a .3: DATA FOR INTERACTION DIAGRAM (FAILURE BV FORMATION OF MECHANISM)

k1 Alphabar VNp M/Mp Vp/Mp M/Mp(trial)
0 0.00 0.000 0.731 0.066 0.000

0.1 0.13 0.102 0.660 0.066 0.346
0.2 0.46 0.170 0.585 0.066 0.576
0.3 0.93 0.210 0.525 0.066 0.710
0.4 1.47 0.233 0.4n 0.066 0.788
0.5 2.02 0.247 0.439 0.066 0.836
0.6 2.53 0.256 0.406 0.066 0.865
0.7 2.97 0.262 0.376 0.066 0.884
0.8 3.30 0.265 0.348 0.066 0.896
0.9 3.51 0.267 0.319 0.066 0.902
1 3.58 0.268 0.289 0.066 0.904

0.268 0.000 0.066 0.904
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•

TABLE B. If:BUCKLING ANALYSIS BASED ON BLODGEIT AND Aise

I/rt (2H/(.29*tw» 269.24
Fb = (170000*2.3)/«I/rt) ,. 2) = 5.39 ksi
thaw-bar = «4*theta" 2)*Fb)/(3*tan(theta» = 4.43 ksi
Vh = thaw-bar*e*tw = 2.15 kips
Y-(buckling) = Y h*(d-2*CG)/(s) = 2.29 kips
P = Buckling load = 4.58 k;ps

TJB LE B .5:FAILURE DUE TO HORIZONTAL SHEAR (RUPTURE Of WELD)

•

y (at welded joint)
p =

(Fy*tw*e*(d-2*CG»/(S*@SORT(3»
Buckling load

156

=
=

14.92 kips
29.84 kips



• Table B.6: Buckllng Analysls Based on Aglan and Redwood

Ilnput ]

tw = \t".lckness 01 web = O.ln ln.
a .. center IIne to center IIne = 14.000 ln.

e .. wlc;th 01 welded section = 3.000 in.

Fy .. yield stress = 50.000 ksi.

hp .. helght 01 plate = 0.000 ln.

h = helght 01 slope alone = 6.910 in.

phi = angle 01 Inclination = 1.046 rad. 59.935 deg.
dg = depth 01 casteil. section = 1<:.820 ln.

CG = centrold 01 tee (Ir. top) = 0.570 ln.

loutput

a'
Mp

.. a-8

= 0.25*tw*(a') A 2*Fy
=
=

11.00 ln.
267.71 klpa-In

data needed to ehooa8 ar811h 1
h'/h = (hp/2)/(h+hpl2) = 0.00

s/w = e/IW = 16.95

2*h/a .. (2*(h+hpl2))/(e) = 4.61
phi = anale 01 Inclination = 59.935 dao.

0.38=alpha = Mocr/Mp
1<lrom specifie graph)

Moer = alpha*Mp = 101.73 klps·ln
Vh = Mocr/(h+hpl2) .. 14.72 klps
V = (Vh*2*«dg·2*CG)/2)/(a) = 18.59 klp.
P .. Buckllng load .. 37.184 klp•

•
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SAMPLE INTERACTION DIAGRAM
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Fig. B.l: Sample Interaction Diagram (Specimen 12-4)
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Shape Properties
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Table C la' Nominal Dimensions ofTest Specimens (in). .
Bca.. Type B&.6.5 B8x6.5 B8x6.5 B8x6.5

Specimen Il 8·1 8·2 8·3 8-4
L 120.00 120.00 120.00 120.00
S 8.75 8.75 13.50 13.50

phi (degree) 60.13 60.13 44.04 44.04

bn ' 0.00 2.00 0.00 2.00
d n 12.20 12.20 12.20 14.20
d, \.75 \.75 \.75 \.75
e \.88 \.88 2.25 2.25
hn 8.70 10.70 8.70 10.70
b 2.50 2.50 4.50 4.50
h 4.35 4.35 4.35 4.35

stllfener' 1 Il xl/4 If l "xI/4" l"xIl4" 1 Il xl/4 Il

•

Table C.l b: Nominal Dimensions of Test Specimens (in)

Beam Type BIOx8.0 BIOx8.0 BIOx8.0 BIOx8.0

Specimen Il 10·\ \0·2 10·3 10-4
L 120.00 120.00 120.00 120.00
S 10.00 10.00 14.50 14.50

phi (degree) 60.26 60.26 45.36 45.36
bn 0.00 2.00 0.00 2.00

d" 14.63 16.63 14.88 16.88
d, 2.50 2.50 2.37 2.37
e 2.25 2.25 2.25 2.25

bn 9.63 1\.63 10.13 12.13
b 2.75 2.75 5.00 5.00
b 4.81 4.81 5.06 5.06

stllfener l "xI/4" 1 Il x1l4 Il l"xl/4" l "x1/4"

·1 in. -25.4 mm
1Thickness or plaie is equallo thickness orweb
2 Localillll: 300 from the edges and al mid span (both sicles)

Table C.le: Nominal Dimensions ofTest Specimens (in)

Oeam Type BI2xl1.8 BI2xl1.8 B12x\l.8 BI2xl1.8

Spe.:lmen Il 12·1 12·2 12·3 12-4
L 120.00 120.00 120.00 120.00
S 14.00 14.00 17.25 17.25

phi (degree) 59.94 59.94 45.17 45.17
bn 0.00 2.00 0.00 2.00

d" 18.82 20.82 17.82 19.82
d, 2.50 2.50 3.00 3.00
e 3.00 3.00 2.75 2.75

bn 13.82 15.82 Il.82 13.82
b 4.00 4.00 5.88 5.88
h 6.91 6.91 5.91 5.91

stilfener l"xl/4" l " xl/4 00 1 00 xl/4 00 1 "xl/4"

•
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Table C.ld: Nominal Dimensions (Bazile and Texier 1968) (in)

Specimen A B C D E

L 16xS 16xS 16xS 16xS 16xS
S 19.84 19.84 19.84 19.84 16.3
h.. 0.00 5.12 7.87 9.06 5.51
d" 19.68 23.62 27.56 27.56 19.68
dl 3.94 4.53 3.94 4.53 3.54
e 6.61 6.61 6.61 6.61 5.43

1.., 0.39 0.39 0.39 0.39 0.26
Ir 0.69 0.69 0.69 0.69 0.40
br 11.81 11.81 11.81 11.81 5.31
b 3.31 3.31 3.31 3.31 2.72
h 5.9 4.72 5.91 4.72 3.545

Table C.2a: Nominal and Measured Dimensions of Test Specimens (in.)
Specimen #1 8·ta 8-2a 8·3a 8·4a

Nominal Measured Nominal Measured Nominal Measured Nominal Measured
L 120.00 120.88 120.00 120.93 120.00 120.15 120.00 120.10

d" 12.20 12.10 14.20 14.16 12.20 12.10 14.20 14.18
e 1.88 1.91 1.88 1.90 2.25 2.29 2.25 2.30
h.. 8.70 8.75 10.70 10.66 8.70 8.72 10.70 1Q.63
1", 0.133 0.135 0.133 0.137 0.133 0.137 0.133 0.136
Ir 0.186 0.185 0.186 0.186 0.186 0.180 0.\86 0.184
br 2.28 2.34 2.28 2.30 2.28 2.3\ 2.28 2.26

Table C.2b: Nominal and Measured Dimensions ofTest Specimens (in.)
Specimen #1 8-3 8-4

Nominal Measured Nominal Measured
L 120.00 119.90 120.00 120.13

d" 12.20 12.10 14.20 14.13
e 2.25 2.26 2.25 2.31

h.. 8.70 8.75 10.70 10.63
1", 0.133 0.138 0.133 0.137
Ir 0.186 0.180 0.186 0.186
br 2.28 2.35 2.28 2.30
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Table C 2t' Nominal and Measured Dimensions of Tes! Specimens (in). .
Specimen H 10-1 10-2 10-3 10....

Nominal Measured Nominal Measured Nominal Measured Nominal Measured
L 120.00 119.80 120.00 120.00 120.00 119.90 120.00 119.85

da 14.63 14.59 16.63 16.45 14.88 14.82 16.88 16.75
e 2.25 2.29 2.25 2.27 2.25 2.28 2.25 2.32

hn 9.63 9.68 11.63 11.62 10.13 10.25 12.13 12.13
I~ 0.139 0.141 0.139 0.142 0.139 0.142 0.139 0.145
1, 0.183 0.173 0.183 0.157 0.183 0.175 0.\83 0.168
br 2.69 2.72 2.69 2.75 2.69 2.78 2.69 2.78

•

Table C.2d: Nominal and Measured Dimensions of Tes! Specimens (in.)
Speelmen ~ J2·1 12·2 12-3 12....

Nominal Measured Nominal Measured Nominal Measured Nominal Measured
L 120.00 120.00 120.00 120.00 120.00 120.1 120.00 120.2

do 18.82 18.75 20.82 20.78 17.82 17.70 19.82 19.75
e 3.00 2.89 3.00 2.93 2.75 2.81 2.75 2.69
hn 13.82 13.89 15.82 15.90 11.82 11.91 13.82 13.77
Iw 0.177 0.185 0.177 0.181 0.177 0.182 0.177 0.185
Ir 0.225 0.210 0.225 0.211 0.225 0.211 0.225 0.210
br 3.06 3.09 3.06 3.07 3.06 3.08 3.06 3.07

•
163



.--_.-r.-._=-'._iil_=_=_~""' .Ift'I:;LUCC~.__z::::r~"""'. -r~·--··'

BUILD A BETTER TOMORROW

r Bantam BeamsJ;

.. .
CHAPARRAL STEEL

"

1

I
~Garr

S11WGHT.

'IltUI & SQUARE

\

Har.ROlUD

Rfl."YaJ!I)

~

f
/

- ••.•

/
1

.',..

,
1

,1
/

/

.'
"

.. .,'
~",'. ,

.," .+ r .... ~

Shape Properties

and Load

T~~bles

,.,
1.
\

i,

i

CHAPARRAL STEEL

300 Ward Road, Midlothian, Texas 76065.

Tel (800) 527-7979, (214) 775-8241

Fax (214) 77S~120



/.
•

•

•

y
If, bl ~kl ,, ~., .

'k
• .'br ,.......-;-', ....~~' • BANTAM BEAMS
1 l ' 1 IT,d ;dl .'!:'!.""x- ,- .: ' - - 1- --x

1 ,
Ir 1

,
, DIMENSIONS and PROPERTIES, ., ~ "'---, "t

If' :bl : •,... .~

y

P!IyIlcoIp,-- 11418.0 Beau B'OldI,O B,Od.O B'2lC'O.• B,2lC''''

no ~~~~Woighl 1:' "., 'GOt lll>I/IIl 5.075 '.000 1.534 1.500 1.012 '.000 0.012 .1.100
~.. X_

(In'2) '.751 ...20 2.375 2._ 3.117 UI5
Di_ Dolait Nom. Dolait Nom. Dolail. Nom. 00IaiI. Nom. Dolall. Nom. 00IalI. Nom.
Do d .....a11 IlIrll 1Io,3/,S" 3.700 70711" 7.152 g,'3/'S" 8.1.4 100711" UIlO '10711" '1.172 ''''5/,S" 11.110
Web

::12
woblhlck. ~n) '11" 0.'30 III" 0.,33 III" 0.'30 3/'S" 0.'57 3/'S" 0.'12 31'S" 0.'77
halIwob (on) 1/,S" 1/1s" 1/1s" 1/'s" '/lS" 1/'s"

F..... loi

"""'" ,~:: "'5/'S" 3.010 2·1/4" 2.2110 ~'"/1r 2.100 2'l1/1S" 2.600 3o'/lS" 3.085 301/1S" 3.085
d Ihlcknns 311S" 0.'110 3/1S" 0.'11 3/,S" 0.'13 311S" 0.2OIl 3/,S" 0.2OIl ".' 0.225

Diatanœ T bol 011... (..) "5/1S" &-711" ..13/'S" IH/I" '110711" 1110'5/1"
k ~odgo (In) liS" 112' '12' '12' 112' 112'
kl IIl1alodgo (In) 5/,S" 3/1" ~ 3/1" 3/1" 3/1"

ca..
~ '..-IL (..) 3.470 7.410 0.441 0.441 11.410 ".410

mw,*,1UI (In) 0.250 0.300 0.300 0.300 0.300 0.300
b, Ilango old. (In) 1.140 0.774 0.071 0.llll7 '.152 '.'44
b2lnanGoproj. (In) ..... '.074 1.271 1.217 U52 '.444_Pr__

11418.0 BeaU B,OldI.O B'Od.O B'2lCIO.I ":Ill,'"

- bol (1ft'.) 4.721 Il.145 34.271 31.537 15.715 71.714
SlOl (In'31 2.405 4.122 UN 7.117 11.070 .2.05.
llOl "'" '.14' 3.074 3.71ll1 3.100 4,531 4,531
tw'I (on'4) Ullll 0.37' 0.5117 0.173 o.m ""7
Sw (10'3) O.... 0.325 0.444 O.SO' 0.141 D.701
Iryy (10) 0.053 0.430 0.502 0.502 0.551 0.551

PIuIic: Fz: (""3) 2.752 5.305 1.203 0.2.3 .3••22 '4.307
1In'3) 1.244 0.527 D.711 0.115 '.054 1.1ill1

~ b/I2'I '2.210 ...21 7.3SO tL52I 7.G!! - ~"11--- Foy (1(11) 21.210 - - - - -
~ ~ - 21.'54 511.031 7...04 12.103 73_ 17.2.

1_ - 'USO .3.250 '1.741 .2.211 'UIlII
~ b/I2'I - .2.2.0 1.'21 7.3SO 1.520 7.G tL."-- - - 22."1 5'.721 13.155 51.357 17.037 ...358
(lAFD) Ft.'Y (1(11) - 23.020 .5.707 2D..53 '4.243 '7.003

~. (1(11) 2.730 '.712 1,401 ..... 1.3'7 1.430
ID. 10" "IXaJ)'2 2.405 2U54 55.770 31.715 77.'07 55.147-. IT\1I+'_) (10'4) 0.711 O.'U D.2II o._ 0.411 0.542
iATl1I+'_b) (10'2) 0.72' 0.121 0.750 0.1140 0.170 1.1.
Tl1I+l_1 (In) '.047 0.542 0.130 0.1132 0.712 0.713
~N - tL05I .1.515 '0.038 '7.703 Il.103 17.270

T_ i" (10'4) 0.011 0.022 0.025 0.035 0.042 0.053
CW (Io't) 5,25. 5,444 '3.155 15.1.. 33.1311 37.110
Sql1(ECWIOJ) ""l 21.730 25.57' 37.555 :13._ 45.1'7 42.5.7
~.. ;,11'1"2) 3.54& 4,370 1.477 1.412 '.1311 1.154
~ (10'4) 0.555 D.413 0.707 O.• Ul1 1.544

~
(10'3) o.s7. 0.131 •.2.4 •.34. 1.153 2.001
(10'3) U7, 2.... 4.10' 4.1lO7 '.51' 7.151

Olhof 1::.:.- (tq MIl '.'7' 2.... 2._ 2.47. 2.Il3O 2.134
......... 1;";""; U52 1.1.4 2.242 2.247 2.175 U7I
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IlANTAIlIlfAllS SAfE WORKINO LOADS CASO DnlgnIIN IUPS PER FOOT
(8oMd on "",• ...:..s....l•. No__'

SHAPE S41ll1.0 Il..1.5 1110118.0 IIllld.O 1I1Z1l10.1 1I1Z1l11.1

SPAN Umlllng Fy(kal) Fy(kal) Fy(kal) Fy(kal) Fy(l<ll) Fy(l<ll) Fy(kal) Fy(l<ll) Fy(kal) Fy(l<ll) Fy(kal) Fvl\lll
llooG Factor :Ml 50 :Ml 50 38 50 :Ml 50 :Ml 50 :li 110

1 SII_ 0.1lIlII 1.311 2.034 2.125 3.074 4.2U 3.438 4.777 4.171 1.77' 5.302 7.•
11240 0.l1li1 l.3ee 2.OU U21 3.074 US 3.4311 4.777 4.175 &771 5.302 ua

1 SIl.. 0.511 0.7110 1.144 1.50 1.721 2.401 1.1135 2.117 2.742 3.IlOl 2.1113 4.143
11240 o.sl. 0.95 1.144 1.5al1 1.728 20401 1.1135 Ul7 2.742 3._ 2.1113 4.'43

la SIl.. 0.35~ 0.41ll1 0.732 1.017 1.107 1.137 1.231 1.720 1.7155 2.437 1.ll0ll 2.111
11240 0.305 0.305 0.732 1.0'7 1.107 1.537 l.2311 '.720 1.755 20437 ••• 2.a•

12 SII_ 0.250 0.347 0.501 0.701 0.7111 1.017 o.- 1.IM 1.211 1.113 1.321 1.141
L1240 0.171 0.'71 0.501 o.m 0.71l1 '.017 0,110 '.114 l.2.1 un uH U4.

14 SII_ 0.183 0.2155 0.374 0.511 0.585 0.7114 0.132 un O.UI 1.244 0.174 1.353
11240 0.111 0.111 0.37' 0.425 0.555 0.714 0.132 Q.In 0.alI5 1.244 0.174 l.353

15 s.... 0.140 0.115 0.2111 0.317 0.432 0.100 0.4114 un 0.1llI O.W 0.745 1.038
11240 0.074 0.074 0.215 0.255 0.432 0.531 0,414 0.105 0._ Q.l52 0.74' '.038

II SIl.. 0.111 0.154 0.2211 0.314 0.342 0.474 0.312 0.531 0.542 0.752 0.511 0.111
11240 0.052 0.052 0.20' 0.20' 0.342 0.371 0.3112 MH o.s42 0.727 0.5al1 0.713

20 SIl.. - 0.113 0.254 0.2n 0.314 0.310 0.430 0.438 0.IlOl un 0.1113
11240 - - 0."6 0.145 0.271 0.271 0.310 0.310 0.4311 0.530 Mn 0.57.

22 SIl_ - - 0.111 0.210 0.22ll 0.311 0.251 0.351 0.313 0.504 0.* 0.541
11240 - - 0.110 0.110 0.207 0.207 0.233 0.233 0.313 0.31' 0.314 0.434

24 s._ - - 0.127 O.ln 0.112 0.287 0.211 0.2IllI 0.305 0.423 0.331 0.4110
L1240 - - 0.055 0.055 0.110 0..10 0.110 0.110 0.305 0.307 0.33' 0.3.35

2lI SIl'" - 0.101 0.150 0.114 0.227 0.113 0.214 0.2110 O.:Mll 0.212 o.•
11240 - - 0.057 0.0/17 O.IH o.lH 0.141 0.141 0.24' O.J" 0.Z13 0.Z13

21 SIl" - - ,Q.0I3 0.130 0.141 O.lM 0.118 0.211 0.224 0.311 Q.243 0.331
L1240 - - 0.053 0.053 0.10' 0.10' 0.113 0.113 0.113 0.'13 un un

30 SIl" - - 0.011 1 0.113 0.123 0.171 0.1311 0.111 0.115 U7. 0.212 O.~

11240 - - 0.043 0.043 0.052 0.052 0.012 0.012 0.157 0.157 0.171 0.171
32 SIr_ - - - - 0.101 0.150 0.121 0.111 0.171 0.231 0.111 0.211

112411 - - - - 0.057 0.057 0.07/1 0.07/1 0.121 0.121 0.141 0.14.
34 SIr... - - - - 0.011 O.~33 0,107 0.141 0.U2 Ul1 0.115 0.221

11240 - - - - 0.055 0.05/1 0.063 0.0/l3 0.105 0.101 Ull 0.111
:Ml SIr" - - - - 0.051 0.111 O.ON 0.133 0.135 0.111 0.147 0.201

11240 - - - - 0.047 0.047 0.053 0.053 0.01' 0.011 0._ 0._
3D SIr.. - - - 0.015 0.111 0.122 O.lU 0.132 0.1114

11240 - - - - - - 0.045 0.045 o.on 0.077 0.014 0.014
40 s... - - - - - - - 0.110 0.152 0.111 0.111

11240 - - - - - - - - o.• 0._ 0.072 0.072
42 SIr.. - - - - - - - 0.0IllI 0.131 0.101 0.1110

11240 - - - - - - - - 0.057 0.057 O.QG o.QG
44 SlrOIlI - - - - - O.Qll 0.12l1 0._ 0.1:17

L1240 - - - - - - - - 0.050 0.050 0.054 0.054
4/1 SIr" - - - - - - - 0.013 0.115 o.... 0.125

11240 - - - - _. - - - 0.044 0.044 0.041 0.041
41 - - - - - - - - - - - 0.013 0.111

11240 - - - - - - - - - - 0.042 0.042

~ 1-) v.. V.. V.. V.. V.. V.. V" V.. V.. V. V. V.
Comooct Ift._, No No V.. V. V.. V.. V.. V.. v. V. v. V.
Ilmu k.fl 4.111 1.231 1.152 12.711 13.132 ;1.212 15.47' 21.417 2 ...:Ml 30.417 23.111 33.140... ft 4.127 3.502 2.407 1.100 2.322 1.172 2.1102 1.173 ua 1.n3 2.111 1.ll30
Lu ft 4.127 3.502 2.500 2.041 2.7~7 2.373 2.104 2.371 3.151 2.87' 3.112 2.1113
Ymu k 7.015 1.154 15.031 20._ 11.144 27.283 22.211 3O.MO 27./115 31.485 30.351 42.111
RI k 3.111 4.3117 3.8311 1.333 3.111 5.53lI 4.711 1.i554 4.111 1.713 1.520 7.llII
Al kIln 3.011 42l1O 3.1110 40311 3.303 4.117 3.730 5.111 3.1141 5_ 4201 5.1141
R3 k 3.125 4.501 4.217 5.021 4.522 1.330 5.7110 1.711 1.037 7.115 7.201 Ull
R4 k/In 2.217 2.113 o.... 1. ''12 U15 1.071 1.111 1.374 1.014 1.254 1.211 1.412
R k 11•• 13.853 7.715 1.l...'1 7.721 1.105 1.1141 11.SII 1.711 H.!503 11.131 13.711_:

R_Ymu
1 rL_c_u ,n""" ....Lc"'N""""U.... ,luNWI,H ,HcIN,u .... "uNCuN'AlNc lU" ,HE """ rAucur " .. ru"L1....'"
AI"', -wng-.... In ICipo (I.OOOIbo) po< '001_ ...... mulm.1ft plfmill_ oppIiod Iood Includlng'" "' ...lghIaI ..........
N/t»Iledlon IIt/Ute. (1.......)II.1Dl1l _.fNIwiII_. t»Iled;"" DlI1240lh DI"'"._
FOI _ _ _ ply l/fIut..br 240 ond _ brMW.-· L. lOi ./3tIOlh DI.,..,. I.dOl_br 240__ .......__wIIl.-"'-_. ft_"fuIy1-'"<101_...11'_........ for<otllflOCl& Lufor...___",-,

... ............... --'"<IloftgIIIalllIocam",_"'""_1lIo_ -..e."rnov"''''''''DI""al yiIld_
Lu............... '-alllIo___forrnuimulnblndinall,...___.._al_._.
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