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LAYOUT OF THESIS

The thesis is in two volumes.

. Vol.1.

Written script, this being the text of the
thesis., Diagrams, graphs, illustrations
and appendices are included.

(A1l tables of data are excluded).

Vol.2.

Tables of data,

This volume comprises essentially of
computer lnput and output, from which
the graphs in Vol.1 have been prepared.

Note:

References are occaslionally made in Vol.1

to specific points which can best be shown
in tabular form. In such cases it will be
necessary to refer to Vol.2 (e.g. Chapter 3).




ABSTRACT OF THESIS

"Design Investigations on Some Welded Mild Steel
Plate Girders",

by E. Litton’ B.Sc., AoMoIocoEo, CoEngo

The theslis gives details of a series of design
' investigations carried out on mild steel, welded; plate
girders, having a constant I section and supported
laterally and torsionally only at the ends of the span.
The main aim is to establiéh a General Method for
~ expediting the design calculations for obtaining the
op;imum cross sectional dimensions of such a girder,
essentially in accordance with the regulations as laid
down in the British Standard Specification (B.S.L4L9),
while observing some rules for efficient or economical
design. Here Minimum Weight Design has besen chosen
as .the criterion of efficiency, though the methods
devised can readily be extended or adapted to deal
with other cfi?eria. The moment of resistance; as
reduced by lateral buckling, is deemed to be the
significant féctor in each design, though the various
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other effects are considered as well..

A review of the problem is given, and an empirical
.;nvestigqgiqn is then carried out to obtaln the- section-
al &1menpipns'of_girders,at Minimum Weight, spanning
100 feet, and resisting various moments.

This work is then extended to a wider application
by means of a theoretical analysis, and a General Method
is obtained, 8uggestions are ma@e as to how this Method
may be applied, viz: by the construction of charts and
tableé or by the writing of an all embracing cohputef
programme to give automatie design.

Various additional effects are described and finally
an outline is given as to how this work can be extended

to deal with more complicated practical girders.
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NOTATION

A 1ist of the more common symbols used throughout the
thesis,.gliven in alphabetical order.

A

the area of the tension flange. (in.

a function of'% and.g, as given in Table 7 of
B.8.449.
the cross sectional area. (1n.2) (4!=A1+Aé*§5)

that value of A' at which Vo =¥y = %

the area of the compression flange, (1n.2)

2)

the area of the web plate. (in.Z2)
the area of an element of cross section. (in.2)

a function of %&, as given in Table 7 of B.S.4L49.

the width of the compression flange. (ins.)
See Fig.5.

that value ‘of By along an inverted contour at
which 8%y - 0
9By

the width of the tension flange. (ins,) See
Fig.5.

that value of B, along a contour at which

A% Lo
dBy
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B" -
Pg
B -

2
BM

T max
gs -
c -
D -
d -
e1 -
02 -
Toe ~
Tot =
f. -
-q
fl.- -

- q

that value of 32 on a contour at which.%%x = 0.
2

that value of B, along a contour at which A?=A6T

the maximum bending moment on the span due to
the applied loading and the self weight of the
girder. (ton.ft.) :

the critical stress.in the compression element as
given in Clause 20 of B.S.LL9. (tons/in. 2)

the negative intercept which the linear portion
of a contour produced makes on the My axis in the

Mp N~/ A' diagram. (ton.ft.)

overall depth of section. (ins.) 8See Fig,5.
depth of web plate. (ins.) See Fig.5.

T : I .
the gradient of the _X A/A' line for a given
contour. Yt

- I
the negative intercept on the —X axie of the

v
Iy ~— A' line for a given contdur,

Yt

maximum compressive stress in the compression
flange under the applied loading and self welght
of the girder (tons/in2)

maximum tensile stress in the tension flange
under the appligd loading and self weight of the
girder (tons/in<¢)

maximum local intensity of shear stress in the
web under.the applied loading and self weight
of the girder (tons/in.2) - - -

maximum value of the average shear stress in the

‘web under the applied loading and self weight of

the girder (ton/in.2

ix



- Ix Ix 1
the intercept on the y axis of the x"’ﬁ' line

for a given contour.

I 1
the negative gradient of the =X/ — 1line for a
. : ) yc A'
glven contour.

Second moment of area of the section about the
KK axis. (1n.4)

secand moment of area of each element of area
about an axis through its own centroid and
parallel to the XX axis, (in.4)

second moment, of area of the section about the
XX axis. (in.4)

second moment of area of the section about thé
YY axie.(in. L

a function of N, as given in Table 5 of B.S.449.
a function of ﬁ, as given in Table 6 of B.S.4lS.

span_ in_feet.i-

effective length of the compression flange in
reet, (1 = A L)

a gquantity depending on sectional parameters,
as defined on page 30 of B.8.L4L49.

maximum moment of resistance of the section.
(ton.ft).

the.gradient of the linear.portion of a contour.

a quantity depending on sectional parameters,
as defined on page 30 of B.S.Ll5.
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maximum permissible compressive étressé as given
in Tables 2 and 8 of B.S.L449. (tons/in<),
maximum permissible tensile Etress, as given in
Table 2 of B.S.449. (tons/in<)

maximum.permissible shear stress, as given in

Table 10 of B.S.449 (tons/in2)

maximuin permissible value of the average shear
stress, as given in Table 11 of B.S.L49(tons/in2)

the Stress Ratio = Ppe . fbe
Ppt Tot

"radiug of gyration" of the section about the YY
axis, (ins.)

effective thickness of the compression flange,
as_defined on page 30 of B.S.L449. (ins.)

thickness of the compression flange. (ins.) .
see _FiEO 50

thickness of the tension flange. (ins.) See Fige5.

thickness of the web plate. (ins.) See Fig.5.

1.
the inverse of the sectional area. (i.e. 3T )

distance from the centroid of each element of
aréa to the XX axis of the section. (ins,)

distance from the XX axis to the extreme fibre
of the compréssion flange. (ins.)

distance from the XX axis to the extreme fibre
of the. tension flange. (1ns.)

a quantity depending upon the nature of support
of the compression flange, as given in Clause
26 of B.S.449. (Hére A = 1)
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/u, - a function of the sectional parameters, as
defined in Chapter L4 of the Thesis.

4) - a function of the sectional parameters, as
defined in Chapter 4 of the Thesis,
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CHAPTER 1

BACKGROUND INFORMATION

.INTRODUCTION

Plate girders have been used by engineers for
many years to support moderate loads over long  spans
or to support high loads éver shorter spans, The
main actions on the girder are due to the applied
loading which produces bending moments and shearing'
forces, and it has to be ensured that the maximum
vertical deflections are kept below a limiting
value. In addition, there are local effects _
. involving the design of stiffeners, welding, splices,
and connections; these can generally be allowed for
by additional calculations after the basic cross
gectiéh'has been chosen, though the engineer mugt
naturally ensure at the outset that the scant;ings

l;df such a section are a possible practical solution.

'The problems of resisting the applied shearing
force and restricting the deflection within the
acceptable limits can generally be dealt with in a
stralghtforward manner by choosing a suitable web
plate (1.e. depth and thickness), and the design

engineer would not normally experience any great

2‘5 ArY :0‘57
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Certainly the stiffening of the web plate is a.more

complicated affair, and ROCKEY (1) has carried out
much experimental work in this field, ylelding a

-.recommended design prqce@ure; it is not intended

to pursue this matter further in this investigation,
except to iqd%ca%e briefly in Chapters 6 and 7 -
(Q.v.) hqﬁ iﬂig can be done.

Hoﬁever the action of the bending moment at a
glven section of a plate girder does present the
design engineer with a more complex problem, due to
the lateral buckling of thezcompresgion flange and
' gubsequent torsion of the section. This effect can
be contained within acceptable proportions under
working load conditions if the permissible stress in
the compression flange is reduced, and if the girder

is supported in a specified manner.

This problem has occupied the attention.qf"
various research workers for several years, and many
‘experiments have been carried out. A comprehensive
report on this work has been published by the
Institution of Givil Engineers (2), embodying the
work of KERENSKY, FLINT, and BROWN, regarding the
basis of désign, and of LONGBOTTOM and HEYMAN with
respect to experimental verification. This report
(2) includes an extensive bibliography of other

publications on the subject.
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This work has been adopted as the basis for design
of welded girders in Great Britein, and has been
embodied in two British Standard Specifications
(3Iand 4); these Standards are also fregiently used
by other countries which do not possess their own

Codes of Practice.

The procedure lald down in these Standards
(3 and 4) for obtaining the permissible compressive
stress in the flange of the plate girder is both
complicated and lengthy. Most design engineers,
therefore, adopt a."trial and error" technigue,
choosing suitably proportigned sections from
experience, and then checkihg thet the permissible
stresses are not exceedednén appiication of the
working loads. This process mayfhave to be repeat-
ed several times until a suiteble section has been
obtained. However, even at this:atage, the finsl
section may not be the moet oconémical from the point

of view of overall cost or weight of steel used.

The cost is a complex quantity and is partly
affected by the welilght of the girder and consequently
by the amount of steel uaed, though it is generally
more directly related to the cost of labour, delivery
dates, availability of certain muterial, workshop
capacity, fabricating techniques; transportation,
erection; and the cost of living:

5



Nevertheless, taking'ali these factors into account,
the structural steelwork designer and contractor will
normally aim for MINIKUM WEIGHT DESIGN, ueing efficient,
up-to-date production techgidpés;available in a well
equipped structural workqhéﬁk'

The aim of this ﬁﬁéﬁigzthbrefere 18 to provide the
design engineer and eaﬁtractor with a series of
technigues and calculations carried out on welded, mild
steel girders in order to find the sectional dimensiens
of girders at MINIMUM WEIGHT necessary to withstand a
specified bending moment (gnd shearing force) on a
gtven.span. This is a runeamentél step, and suggested
future work is outlined 1nPthptér 7o (Qove)e - -

DETAILS OF CONSTRUCFION .- -

The main work of the &hwesfigation has been carried
out on welded, mild steel (1hcluaing the notch-ductile
variety) plate girders having a uniform, I shaped cross
section throughout. The girdera are simply Bupported
at the two ends, and effective lateral and torsional
restraints are provided gnlx-at-jbe-ﬂnda_nf-thE-Epanp 80
that the compressian flange is free to buckle laterally
between supports, 1i.e. the.effective length of the
compréssion flange is equa; to tpe span of the girder.
(The effects of_intermediafe iat?rhl supports and changes
in the cross sectional are; willfbe briefly dealt with in
Chapters 6 and 7). |
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A typical elevation and cross section of a girder
is shown in Fig., 1. The top and.bottqm flanges are
cannect?q to the web plate by means of fillet welds,
narmali;ﬂéfrecteg in the plgting_shops by an automatic
process, For a girder simply suiported at the two
ends the top flange will be in compreéssion and the
bottom flange in tension when a vertical, downward
load is applied. The web plate is normally rein-
forced by intermediafe and bearing stiffeners as
i ghdwn in FPig. 1. Because of practical limitations
. ;ﬁ'%s frequently necessary to splice the web and
fiagée plates using a welded detail; these Jjoints
can preséﬁt.an opportunity for changing fhe section-
al dimensions, However curtallment of the section,
while apparently reducing the weight of the girder,
also reduces the permissible compressive stress at
the section, thus reducing the value of the bending
moment which can be resisted; this effect appliqg only
to curtallment of the flange plates and not to any

reduction in the wed plate,

Finally, for girders having a deep web plate,
longitudinal stiffeners are required as shown in
Figo 1. .
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Notes on Welding

The welding of the flanges to the web plate is usually
carried out using fillet welds as shown in Fig.1. The size
of such a weld is specified by the dimension h (inches) as
shown in Fig.2, and the plane of fallure envisaged 1is
through the throat of the weld, this being the minimum

dimension as shown.

'There is a minimum permissible size of fillet weld
which depends upon the maximum thickness of plate to be
Joined; this 1s essentially due to the adverse chilling
action of the thick plate on the weld metal and subsequent
possible brittle fracture, and numerical details are given

in Chapter 2.

The maximum size of fillet weld muset not be greater
than the thickness of the thinner plate in the Jjoint. In
the case of the flange to web welding, the web 1is welded
on both sides and it is usual practice then to ensure
.that the sum of the twoe throat dimensions is less than,
'Br'equal to, the thickness of the web plate, thus :-

’ O.?ﬁ_s;_%}_. In addition the.web-plate is ne;er made

‘thicker than either flange, so that t3,$;t1 and

t3 s $‘2° )

.Thege considerations thus restrict.the cholce of

practical sections which can be selected.

6



§ FLANGE PLATE j

[&?\/Enﬂ of Web Plate to
b

e Machined thus as
Preparation for full
penetration Butt Welds.

WEB PLATE
-

] §

4

Full Penetration
Butt Welds .

DETAILS OF FULL PENETRAT/ION BUTT
WELDS.

FIG.3.




/ FLANGE PLATE.

7

/V’

\
\ N

A‘/

WEB PLATE .

TONGUE PLATE DETAIL

Fl1G.4.



Moreover these fillet welds and the web plate must be
strong_,--_eziough to. resist the shearing force which is
a-ppl:l.ed' to the section. Indeed 1if this: resistance to
shear 1s insufficient, the sectionl will bé unsatis-
chtory. However if it proves to be the .!elding which
would ‘;e insufficiently strong, rather _than. the web
plate, an immediate strengthening can bé gained by
using a full penetration butt weld. This type of
weld is shown in Fig.3 and will involve the machining
of the ends of the web plate at increased cl'bst, but
the resulting Joint will be as strong as the parent
metal and will therefore be no longer critical in
design as the web plate has its maximum intensity of
shear stress at the Neutral Axis.. Such a change in
the type of weldin.g will not ali;er the weight of
glrder but will increase the fabrication costs.

The use of tongue plates is .sometimes employed
if it 1s required to extend the choice to enable -
thicker flange plates to be connected to thinrer web
plates. This device is shown in Fig.lh. However
ucﬁ more welding is ‘now' required which will increase
“the ;fabr:l.catin:g ‘ed"s;r.'___'s_',l_-' and the. Bectiion will have a
differen’t shape which "woﬁld not usually ‘be main.ﬁa:l.ned :
" constant throughout the span. For these -geasons'this
| type of"conitz"uftion will only be consid;e're_:fi briefly
' in Chapter 7. '

-‘l-
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Notes on Web St:_l.f'fening

The British Standard B.S.449 gives details as to
when web stiffening is required; this information is
given later in the Gﬁapter ( see DESIGN PROCEDURE).

When w_eb stiffeners are used, the weight of the girder
will be increased as indeed will be the cost. Since

it is only logical to compare like with like, the various
categories of web stiffening must be kepj‘,_-_épﬁﬁggtely

il )
- in the first instance; later a eomparisb:ﬁz"?'e‘ap?.sbe made

among the categor;es, considering the overall weight

of the girder.

Girders with stiffened webs generally have a
smaller crosé‘é sectional area; this apparent saving
in weight is however reduced by the welght of the
stiffeners and there is naturally an associated change

in the costy; which will not be considered further here.



N @
A N : - k
7 -
T I
X J5O,
NEUTRAL AX/S. : )
: X X
—X— - -— --
]
] b Q
45
W
' i
M
f__ K_ X _ __ u'\l' Y
| ;,] !
.'
I“ L >

ELEMENT NUMBERS IN CIRCLES  eg. (2)

CROSS SECTION DIMENSIONS
FIG.S. |




DESIGN PROBLEMS

Details of the more common design problems will now ':
be outlined. In all cases 1t is required to find the
complete éross sectional dimensions, as shown in F1§.5, 80
that the permissible étresses-are not exceeded on appli-
cation of the working lead, while observing some rule of
efficiency.

Problem 1.

Given the span and the applied loading, it is
required to obtain suitable cross sectional dimensions

B'1’ 32’ t1p t2, t [] a.nd Do (F1805)o

This is the most common design problem.
Problem 2. “

Given the span, the maximum overall depth of
section D and the applied loading, it is required to
obtain suitable cross sectional dimensions.

.In this casey the'depth of section is restricted
because of headroom, distance beteen floor and ceiling,

or because ef some other clearance.

Problem 3, .

Given the span, the maximum depth of section (or
maximum depth of web plate d, Fig.5), the thickness of
. the web plate t3, and the applied loading, 1t is
required to obtain sultable cross sectional dimensions.

9



In this problem the applied shearing for&e can be
speclally allowed for - this is the reason for specl-
fying the two web dimensions 4@ and t}o Moreover the
type of web stiffening required can be categorised
here as this depends upon the thicknes; of the web
plate t3o

( There are four categories of web stiffening, and

these will be described later. (See DESIGN PROCEDURE).
Theré are further design problems in which it is

required fo draw from a given, limited; stock of
material which is immediately avallable, and obtain
the most suitable cross sectional dimensions. These
type of problems are less important, and knowiedgé
for their best solution can generally be gained from

Problems 1, 2, and 3,

Most design engineers are qatisgied when a section
has been obtained which obeys.jﬁg;rqllowing rules of
efficiency:-

.(a) That standard, readily available, plate has been
used; with the proportions of the.sectlon being
conventional within the experience of the profes-
sion.

D) That the stresses under the working load are
equallto, or jJust less than, the permissible-

: "streésps, which should not have been excessively
rédﬁced from their maximum limiting values,

10



(c) That the maximum deflection under the applied loading
is less than the stipulated 1limit.

(d) That the thicknesses of all plate chosen are such as
to enable the correct size of fillet welding, as
requirea by strengtp conslderations, to be carried

out. ' -

Naturally some engineers will regard some of these
.rules as being more important than others.
e.g. The designer employed by a contractor and tendering
for work, will operate much nearer to all the limits in
general. The consulting engineer, on the other hand,
envisaging possible increases in loads or poessible
future extenslons, will be more 1neiined to use greater
reserves of strength and thus_uée heavier sections.

However, even when these rules ;f efficiency have
been observed, there still remains a large'nnmber of
possible solutions, and it is now suggested that the
girder with MINIMUM WEIGHT Bhénld be adopted, This
choice cannot easily be obtained by the design engineer
because of the large number of possibilities, the
complex nature_of, the calculations,.and .the._"trial and
error" or "hit and miss" approach genéraily followed.

It is felt .that a closer understanding of the
factors g&verning Minimum Welight Design of the girders

11



will be an important step towards achieving Minimum-cpst .
Design as deseribed briefly previously and Elso in -
Chapter 7.

The main proﬁlem in the design calculations is to
know the value of the permissible compressive stress for :
a given section. Unfortunately this ‘depends upon the |
material, ;he sectienal dimensions (Pi1g.5), the epan,
the nature of support, and whether the girder is of

uniform section throughout or not.

DESIGN PROCEDURE

The procedure as laid down in B.S.449:41959(3)
will be uséd as the basis of design, and the process
to be followed is given below; the notation used has
been.fuily defined earlier. (see ﬁOTATION).
Determination of the Permissible Compressive Stress-phgh_ A

pE—

This process is in the form of a check calculation -t
it 1o assuned that By, By tys ty 1-3, D, L, A, and K,
are known, (aée Fig.5). gt Lhan

' — o
Area of Cross Section = A" = B1t1 + tha +‘dt3

Overall deptu of section =D =4 + t4 + to
In no case should p, , be taken as greater than 10 tons/1n2
" "

for t,£2 ', or greater than 9.5 tons/in2? for.t,> % .

12



Derivation of Second Moments of Area: -

 Element| Area sy y ayy aqy2 Io
1 By ty D - _tl
2
2
2
A' =2 g |2 ey | 2 ey¥?| 31,

Then s~ ¥y =% 84y and J, =D - ¥y
Al ' .

I =2 a,9% 4321,
> 2
Therefore Iy = Ig - Alyy

3 3 3
apd Ty = _:__2_(_%1,31 + dty ,.-t2132)

th_eref:ore_ r. = Iy and 1 =AL = effective length

- - . of the compress-
A ion flange.

13



In this case, A =1

« ¢ Slenderness Ratio = 1 :’, 300 (Clause 25 of
A rY B.S'Ll'ug [ ]

Derivation of Ratilo D : Now T - K1t1where
. T
K, = & function of N (Table 5 of B.S.449).
Since it is intended in this investigation to
consider girders having a constant croes sectional
area throughout the span, then N = 1
and . ° K, = 1 (Table 5)

Moreover the value of T is restricted by B.S.u4l9 -
Py < 3

TN
ts

to:. . 1
3 ~

Thus the Ratio D can be obtained,
- :

Three dif:ferent class'es of section will now be
conslidered:

1. Where the flanges have equal moments of inertiﬁ
about -the Y Y axis, (termed "U" for identification
on computer calculations). .

2, Where the moment of inertia of the compression
flange about the Y Y axis of the gf!_.rder exceeéds
that of t;he tension flange, ( termed "V" for

identification on computer calculations).
14



'3.  Where the moment of inertia of the tension flange
about the Y Y axis exceeds that of the compression
flange, (termed "W" for identification on computer
calculations).

Class 1. (1i.e. U) Here 1 t1B? =1 tng
S T2 T T2
when T é 2 and 4 é 85, ('}-s = 1.2 A 1;ons/:l.n2
t t
3 3

In all other cases in Class 1,

Cg =A tons/in2
where C, = the critical stress in the compressidn
_element. Sy i

' : 3 s ,3 ol
Class 2. (1.e, V) Here 1 t(B3> 1 tiB5 =
12 12

In this case Cg = A + K B tons/in2.

Class 3. (i.e. W) Here 1 t.'B?( 1 tzB;
12 12

In this case Cg = (A + KjB)s y, tons/in2
It

In all three Classes: _

(3,)° oA
Ty

15



j.e. A is a function of the sléﬁdernass ratio 1 and
' y

the ratio D, (See Table 7 of B.8.4L49) and can therefore
g

"

be determined.

170,000
In Classes 2 and 35, B = :

l.e. B 1s-'d function of 1 (See Table 7 of B.S.449) and
_ e . 1
can also be determined.
Thus Cg can be obtained for all sgcti’ogs. Now p,_
is a function of Cg.(glyen in a tabular form in Table 8
of B.S.hhS),”angnéan'thérefpre now be determined. u

Restrictions to Segtion Sizes

- In additian to the limits given in the. previous work,
the fbllowing restrictions. to sectional dimensions are B
laid-doqp in B.S.hl9:

e No plate mﬁéiibe thinner than 1/h" 1.e. t1, t2,

and t3 should be net less than 1/&" (See page 20

Of B 8. h‘-ls)o
2. The maximum' outstand of the topfflange?= B, -t :*.'16t

and the maximum outstand of the béftém flange

(See Table 14 of B.S,LL9) '='-Eg'2_'b 3 20t;

. 16



3. As a precaution against brittle fracture, where “»1'-';?;;_'
-i.

. -welded~e1emente ‘are subject to teneion, the use qf
-, normal structural mild steel to- B.S 15(5) ehall be; i
restricted to thicknesses not greater than 1‘2 inchee.-

(S8ee Clause 3 of—Amendment No. 6 of B.S. L49). L

'-__----H-ewe've-r the -notch —-ci-ugtile variety of structural
- mild steel to B-."B.,;27-6_2(--6-)~--car ‘be-used in-such cases th? o
- to. & t&ieknese ‘of -2-inches as -specified -at--preee'nt,--—ar';d .
- 1t i8 euggeeted that thickneseee in- exceee of 2 inchel,
-although at preeent outwith the scope of‘ the - epecification,
can be used- provided a euitable_ -impact - teet 1is-carried eut.
" (-see- -Amehd:terit No. :-'6 'ef---B_a-so-hlL:9).
4. - Finally restrictions are-imposed on—-e'ectional sizes
-depending -upoh -the-type-of-Web Stiffening-which hds
_‘been -employed, -There ‘ave four -categories -of*-web
etifferiing'; ---theee—--d-erend- -eeeentiallj apon - the
. niinimum .thicknesses e-f-—_we-b -_pl-a—tee:-

A. Unstiffened Webs..

. No .-a-tiffenezes.-.are—'-requi_i-ed.

" In this case t3 4: % . |
-85 ) : i

17



B.

C.

‘Do

Vertically Stiffened Webs.

Only vertical stiffeners should be used in this category
, 'rhen°

t3 4: o ~ t1. and t34: d
' 100 © 180
(This latter restriction assumes that the vertical

stiffeners are not closer than-d inch centres; only

such girders will be considered ‘in:tlie- investigation)..

Webs_Stifferied Verticallx and Horizontallzo

&2 mnRr eeut AR - AL TN VR R M L,

A sing:Le ho_r:l.zental stiffener is" uaed in..this category

— T

" in addition:to.the vertical sti&_ffe.ne.l'.s.-';..:.--.'l'hen:

ts "t"ﬁé’iﬁh” and *’34[ a - 0ok (Fy:ir __*’1)_
125 2.

-‘:\.', .A:-‘“'.-;
EY 2

Webs -8tifféned Vertically and Hoftzeitally.

Two or more horizontal stiffeners are used here in

M = % e

additien to the vertical st:l.ffeners. '.l_‘hgn.

e ts{ Yo = t1 and t3¢ .d,?.L(yc - t1)

(See Clause 27, Amendment No. 2 of B.S.449).

18



It should be noted that category B would normally only
be adopted if A 1is unsafisfaetory, that C would normaliy only
be used if A and B are both unsatisfactory, and that D would
only be used if A,B, and C were all unsatisfactory.

This completes the restrictions to sectional dimensions
as 1aid:down in B.8.449. Further restrictions will be |
enume?dfed'i# Chapter 2 in order to conform with good practical
proPOQtiqns,'and to ensure that all necessary welding Ean-be-

accomplished,

Determination of the Permissible Tensile Stress Ppt,

The value of the permissible stiess Pt in the tension

flange depends only on the thickness of that flange.
Thus p . = 10tons/in2 if t, (and t})s 3/h inch.

and p, . = 9.5tons/in2 if- ¢ (and 1-.3_) > 3/4 inch.
' (See Table 2 of B.S.LL9)

. Determination of the-Permissible Shear Stresses pq and pa o

The permissible value of the maximum_shear stress pq is:=- =

P, = 7tons/in? (See Table 10 of B.S..4L9)

The permissible value of average shear stress p& is:-

Py’ = 6tons/in? if t;& 3/hinch _
and pq" = 5.5tons/1n2 if t b 3/4inch, (See Table 11 of B.8. Lk

19



for plate girders with unstiffened webs, and in accordance"
with the reducing tabulated values of Table 12 of B S. 449
for stiffened webs, _
Moreover the British Standard states, that compliance
eith the limit on the average shear stress pq shall be

deemed to satisfy the requirements of the maximum shear

stress p. (See page 37 of B.S.L4kL49).

Determination of the Maximum Pernmissible Deflection.

No'ppecial reference 1s made in the British Standard
regarding the permissible deflections in plate girders,
though in Clause 15 of Amendment No. 4, the deflections

of beams under live load should not exceed

1—

60

W

‘of the. span L. _

In the case of plate girders considerable care’
should be taken by the engineer in apecifying a f
permissible deflection, especlially when severe dynémic
loading is enticipated, when such a limit should be
re@uced.'

In this investigation a brief analysis is given
in Chapter 6. |




This completes the préc%dure necessary in order to obtain
the limiting values of the permissible stresees and deflec-
tions as specified in B.S.LA9.

It should be noted on passing that most of the
foregoing work can apply equally well to the Bridge §paci-
fication B.S.153(4). This will be discussed in Chapter 6.

Determination of the Moment of Resistance HR for a given

— -}

sectlon.

~ The maximum applied bending mément'(Bu max,) should
be less than, or equal to, the maximum moment of resist-

.anqéfﬁf the section. Moreover the working stresees fﬁc

under the maximum applied bending mement should

£
and. £, 1

be less thah, or equal to, pb and pbt respectively.
c

Thus from the well-known Engineers' Theory of -

Bending = £ =M 5
y I
and therefore ’ fbc = Lc- " svescsccooled
Tot A
Also _ fbc $ pbc eeseescccoio2
m fbt é pbt eeeecevscococial

Then in the limit when BM max = Mp ,

91



MR = fbch . 000000000010’4
yc

and MR = f.thx 0000000000105
Y¢

'In order to consider all cases of stress conditions -
on a given section it is convenient to introduce the

concept of thé Stress Ratio R, defined thus ;-

R = Phe. o The = ot . Toe
Ppg ~ * Ty Pot °* Ppe

There are three stress conditions possible for "R to
attain 1ts maximum wvalue.

1. Compression flange fully stressed and tension flange

under-stressed. For this condition: :bc = pbc and

Tht < Pot

Hence from equation 1.4 HR = pbch
e
and R = Tt

Pot

2, Tension flange fully stressed and cempression

00000001 06

< 1

flange understressed. For this condition.
fpt =  Ppt and
. .
o <:.P5c

22



Hence from equation 1.5 M =p I eccsecccoslel

Poe
3. Both tension and compression flanges fully
' stressed simultaneously. For this condition

. fbc = Ppe
and oy = P
— bt bt

Hence from equations 1.4 and 1.5

Bp =Pty o Mp=n,.1,
y "
[ t

i.e. both equations 1.6 and 1.7 apply simultansously,
a_nd R=1o..

Only one of these three stress conditions can
apply to a g;ven section. Each condition can be
recognised aécording to whether the S8tress Ratio R
is less than; equal to; or greater than unity. Thus
when R<1.00, the tension flange is understressed and
the compression flange is fully stressed.

e Tpg < Py v Ty = Ppoe 803 Mp =1, T,

Ve

23



When R = 1.00, both the tension and compression flanges
are full stressed simultaneously. '

oo Tpt = Ppgo Tpo = Ppor 8nd ¥y =p, I,
Ve

or Mp = Ppyly

¥

When R>1,00, the tension flange is fully stressed and
the compression flange is understressed.

oo Tpp =Pygs Tpo < Pper and Mp = pp I
Iy

Equation 1.1 can be used to find the values of the

corresponding stresses in the understressed flanges,

710, when R £1 0.00’ fbt = ﬁepbc
Ye

and when R>1.00, fbc =z§ pbt
4"

This means that the moment of resistance MR can

be obtalned for a given span and a given section, and
this is the limiting value of the maximum bending
moment BM max. which may be applied, It.would appear
from intuition that the girder of minimum weight

will occur when R = 1,00, or, if this cannot be
achlieved with a practical séction, when R 18 close to

unity. It remains to be seen if this 1is so,
' 24



Determination .of the Maximum Shearing Force § max,

There are four criteria whicﬁ must be satisfied
in order that a specified shearing force may be
applied to a' section. 'rwio of these conditions depend
upon the shear strength of: the web, and the other two
on the top and bottom ﬂar;gé to web welding. The
four.criteria are:

1. ._I'.ocal intensity of shear stress in the web.
pq} 7ton/:l.n2', .and it can be shown that thé

max:l.ﬁum shearing force in this case is equal to

81 max., where:

81 max = S { t;ix
2
[B1t1<yc_-:1) + ::(yc-t1) :I

.2 Average shear stress in the web. The maxi-
mum shearing force in this case is equal to
82 max., where:

B2'mex = 64 t,

82 mai:', = 5.5 4d t3 when t3> _,'5/h-".

Web stiffeners should be spaced in such a way

when tBés/u'.'. and

as to ensure that P§'= 6tons/in2 1f t3$ 3/4", -and

that pq' = 5.5 tona/in2 if t3> 3/4". If this cannot

be done, 82 max. must be reduced. ('I.‘é.ble No.12 of

B.8.449).
25



3., Welding of compression flange to web plate.
In this case it can be shown that the maximum
shearing force which may be applied to the section
is equal to 83 max.,
where 83 max = 4.9 ti;

t, (5, =)

51

he 'ﬁelding of tenslon flange to web plate.
' Here the maximum shearing force is S4 max., where:

sS4 max = 4,9 t:Ix

t2( v, = 3_2_)
2

The critical shearing force S max. must then
be not greater than the smallest value obtained for
St max., 82 max., 83 max., or Si4 max.
1{9. S max. :j> 81 max, S2 max, S3 max, and S4i max.
It can be observed that S1 max. and 82 max. ean
generally only be 1ncreasau*by“1nbreusiﬂg+ t3 6rLHﬂ‘+L* pankas
and thereforeby increasing the weight. (See Problep 3) -
If either 83 max. or S4 max. prove to be the critical
limit, then i1t is possible to increase this yalue by
using a full penetration butt weld without increasing
the weight of the girder, as indicated earlier.
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EXAMPLE

Example No. 1.1

Typical design calculations will now be given as
a solution to the following design problem: _

Find a suitable section for a welded plate girder
spanning 70 feet and carrying a superimposed load of
2.8 tons per foot run over the entire span. Torsional
and lateral restraints should be provided only at the
ends.

Solution Buper. load = 2.8 tons/ft.
Dead load = 0.2 tons/ft (say)
.. L]
e o Total load 2 3.0 tons/ft.
max. bending moment (at mid span) = 3 X 70 x 70
8

= 1840 ton.ft.
Max. shearing force (at a support)=s 105 tons.
The notation for sectional parameters shown in
Fig.5 will be used. In absence of any restriction to

overall .depth, assume

gn%;%n = 12 o'e D =70 inches, say 12"

,', Adopt overall depth D = 72"
Web Plate d = 69" and assume pq' = 6tons/1n2

oty = 108 = 04254 inches
6 x 69

27



F_c_n- a Vertically Stiffened Web (Category B),
t, min: = 69+ 180

3 - .
= 0038)4 ins,
Hence Adopt a web 7/16"-th195fi,e. ¢3 = 0.4375 1ins,
" with vert:l.cal st:l.ffeners e e e
Not65°

1., It is possible to use up to l/h"-fillét welds
with this thickness of web plate; and-it is
felt that this size of weld will certainly be
adequate, though strength calculations must be
‘made iater.

'2. An Unstiffened web plate (Categery A) would
require to be 69=85 = 0,812 inches thick
at'leaét, end this is far in excess of the
thickness required from the strength calcu-
lation and would be excessively heavyﬂ

Flanges

Assume distance between flange centroids = 70"

Then flange force - 1840 x 12 = 316 toms.
70
' Ee#s}on Flange
" Assume Py = 9.5 tons/inz.

. 28



o'« Area of tension flange = A,=316 £9.5 = 33.31n2.

If width of tension flange. = B, = 34 inches, then:

L =24.8 and fg = .doh—.i3o 'l‘he-_'s"g proportions would
B D '
2

be satisfactory. Hence try as a first Approximatioen
for the tension flange a plate 34" x 1" (area=34in2,)

Compressio‘r_; Flange

Assume P, = 7 tons/inz.
c

e o« Area of compression flange = A,=31677 = h5.2 1n2.

If t ; 11/y*, then B, = 36.2" and L = 23.3 and

1 1
By

Bl = 0.5 These proportions would be satisfactory. Hence:

D

try as s first approximation for the compression filange
a plate 1 1/4" x 36" ' )

(area = us in2.)

It is permissible to weld 1" and 1 1/4" fianges to
a .7/16" thick web using 1/4" size fillet welds- and so
the propoésed first approximation is a practical possi-
bility.



Thus the first approximation is as shown in the

the maximum stresses under the total load are less

‘calculations described in the Design Procedure.

diagram and it is now necessary to establish whether

than the actual permissible stresses, using the precise

V, = 4,319 =109.5

39.5" and yc = 32.5"

"
& 36
S3e—
?ﬂ T -
% < ] . T
\eh
— X X “%h N
1 Q J\
T —3-==" ¥
! >"I. " :
IE 34 ;'-I
First Approximation All dimensions in ton-inch units.
Elt{ Area a y ay a y2 I, Iy
)-I-5 710375 3’210 22990% - )-}’860
3005 3508.75 13092 399200 129380 -
3l 0.5 17 9 - 3,275
% =109, 5 24,319 |2=268,209|2=12,380(|2=8,135
‘12,380
280,589




I; =.280,589 in®
° - 2
° on - 280’589 bl 10905 X 3905 . - 109’789 1nh
and N
y
Hence
£, = 1840X12x32,5+ 109,789 = 6,54 tons/in,
fbt = 18‘;'0:12:3905%1.099789 = 7095 tons/in °
Also’
2
. =95 1 in
Py 9.5 tons/in
To determine Pt Ty= 8135 = 8,62"
109.5
"l = T70x12<8,62 = 97.5
r .
y
D = 57.6
T
e o £ =1917 @and B = 17,9
Now M - 4860 =8135 = 0,598 and .°. K2 = 0.1
o.o cB = 19017 + (001 X 1709) = 20.96 tons/in.ao
° 2
o o P = 6.’-1-5 tons/in s
1_>c
". £ = 6.54 tons/in> and 6.45 tons/in>
°'be='5 ons/in Ppe = O ons/in .
2 _ 2
fbt = 7.95 tons/in“ and pbt = 9.5 tons/in%.
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Hence the compression flange is over-stressed and the

section is unsatisfactory. As the tension flange is

under-stressed the second approximation will now

involve increasing the area of Al and reducing the
area of A2.

Second Approximation

Flange force = 316 tons
with p = 6.45 tons/1n2 and p = 9.5 tons/in2
be bt

B = 316‘5’(1925 X 6.’45) 3902"’ say 38“

B o

B, = 316<( 1 x 9.5 )

33.3", Bsay 33"

Hence the suggested section 1s as shown

o’

38
NI

c
JK
i
|4
—_—

-~ iwt X
o
R
4
- i—‘i'__t
>
%
2 ND. APPROX,
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Second Approximation (cont'd).

Elt. Area a h'4 ay ay2 Io Iy
1. L|-7'o5 71 ° 375 39.3.90 2‘4-1 9800 - 5.720
2 3.5 | 35.875 | 1,092 39,200(12,380 | -
3 33.0 0.5 17 8 - 2,990
2=111.0 24,499 | 2=281,008 3=12,38ﬂ2=8,71o
12,380
2=293,388
yt = )-I»,ll-99-:- 111 = Ll005'_' and yc = 3105'_'
Ig = 293,388 in* and .°. I, = 111,388 ind ’
Hence fbd = 6.24 toné/:ln2 and fbt = 8.04 tons/inz.
Since Ppi = 95 tons/in 1t is clear that, while

the stresses in this section may not exceed the permissible,

the section will be understressed and hence wasteful,

therefqre UNSATISFACTORY.
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!_l‘l;fl.rd Approximation

Let A5 = 33 x 8,04 = 9.5 .é 281n2, say 29in2

and increase the compression flange to 39" x 1 1/4".

37" Repeati the 88
'6 : ’I i\q- peating . proce
—— —t as shown for the first
C 0-SCT
?u T approximation, it can
6.l 2
= |1 m\vﬂ: *a be shown that:
| g £,,76-2 tons/in® ana
! - — 2
r - == i Ppa=/*0 tons/in
27" £, 4 =8- 89 1:ons/:Ln2 and
5 pbt=9‘5 tons/:l.nz. :
3rd Approx.

Here the section is strong enough but is
understressed on both flanges' to a marked extent,

therefore reduce area of both flanges.
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Fourth Approximation

35” In this case :-
I fbc=6.32tons/in2 and
s
- N Py ‘=6, 7tons/in2
zu b (I .
'b_> < =«'?\V'= f =9.05'l'.ons/:|.n2 and
I o] o bt _
Q| ™~ 9. 5tons/in
pbt= +Htons .
. VY .
I [~ =_* Y The section isstill under-
le“ stressed and the areas of both flanges

can be still further red_:_t_-_z;ced.

Fifth Approximation

Since this section proves to be satisfactory,

fuller sq_,etsq';lls will once more be given.

| l, 4 y =_l+2.5'.' and y = 29.5"

t .
. I_ = 100,687in"*
‘N Ll'
~ I, = 751421in
A' & 10h4.38in2
r = 8,28"
y

Suggested Section

=101.5 and D = 57.6

i
r T

y

35-



Hence A = 17.76 and B =.16.56

~

M = 0.771."and .°. K, = 0,271
.". Gy = 22.24tons/in? ana .°, .pbc = 6.65tons/in2,
o e fbe = 6.147tons/:l.n2 and Poe = _6.65ton/1n2.

£, = 9.34tons/1n® ana P, = 9.5tons/in2.

These stresses are satisfactory, hence

Adopt _t.‘ne section_in the Fifth Approximation

Check on Self Weight

Weight of girder, exclud.in'g"‘ stiffeners = 10.93tons
and splices |
“Weight of Stiffeners, say ' = 3.07tons
' therefore Total self weight = I4tons,
Self weight estimated initfally = 0.2 x 70 = 14 tons.

Therefore Self weight estimate is éatisfactogx.

Welding of Compression Flange to Web. '"gqi = ? Ay‘

Horizontal .shear, per inch = 105 x 46,875 x 28;825 '

= 1.411 tons/inch

Hence size of fillet weld required =h = 1,411 = 0.,1835"
2x0. 7x5.5

But minimum permissible size of weld = O,25"
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Hence Adopt 1/4" size fillet wWelds, and these may be

intermittent if the pa‘;'rticula_r regulations permit.

Welding of Tension Flange to Web.

Horizontal shear per. inch = 105 x 27 x 42 = 1,184 tons/inch
100,687

Hence Adopt 1/4" size .fillet welds (intermittent if
permitted),

Check on Maximum Deflection
Max. deflection (at mid .span) under total load = S

where § =5 w 1+ = 1.2 inches
384 EI
Now SPAN = 2.34 inches, or
360
5. =1
SPAN 700

Hence deflection is satisfactory

Maximum Intensity of Shear Stress, fg;

The maximum intensity of shear stress in the web
of the girder occurs at the neutral axis at a support.
It has been pointed out earlier that if' the. average
shear stress 1s less than the permissible average
shear stress, then, by B.S.449, the maximum intensity
is deemed to be satisfactory., However in this case
thé value will be determined.
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fq = 105 x 1729 _ = 412 tons/inz.
100,687 x 0.4375
2
P = 7 tons/in<,
|

Hence satisfactory.

Intermediate and bearing stiffeners should now be

designed, though it is not intended to do so here.

Notes:

As a result of the above calculations, the following
points are worthy of note: “

1. The size of fillet welds reguired should be
estimated as soon as a reasonable approximation
has been reached in order to ascertain whether
the section is a practical poséibility before
proceeding any further with the calculations,

2. The calculations are arduous and lengthy,
though a competent, skilled desién engineer
should require few attempts of the trial and
error Process. _

3 Each séﬁare inch of section l1ls equivalent to
0.1 ton of structural steel; this gives an
indication of the economy to be gained by
persisting in reducing the sectional area.
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L. Even after these calculations have been carried
out, the solution arrived at is by no means
unique and is unlikely to be the one giving
Minimum Weight or Minimum Gost, though it
should be near these limits since conventional
proportionshave been adopted throughout.,. A
large number of further solutions can be obtained
by varying the span to depth ratio from 12 and
by varylng the other sectional dimensions shown
in Fig.5.

It is hoped that the technigues déseribed in

the following chapters will provide the design engineer

with the basis for obtaiﬁing the girder of minimum

welght and related properties in a more competent

waye.
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EMPIRICAL SEARCH FOR A METHOD

OUTLINE

It has been shown that the main problem facing
the engineer is to obtaln numerical values for the
cross sectional dimensions, shown in Fig. 5, to
withstand a given applied bending moment on a
specified span while observing reasonable economy.
The criterion of efficiency to be employed here
willl be Minimum Weight and since, for girders of
a given span, the self welight 1s proportional to
the cross sectional area, then the search is for
the dimensions of the cross section which has the
Minimum Area among all the practical possibillties
available. Naturally if web stiffeners are employed
the weight of the girder will be increased, and so
it will be necessary to consider each of the four
categories of stiffening separately.

It is considered that the dimensions of the
cross section of girders at minimum weight will
tend to conform to a pattern regardless of the span,
Thus it is proposed to choose a given span and to

calculate the moments of reslstance “R for a wide
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variety of sections obtained by varying the sectional
dimensions incrementally between their maximum and
minimum practical values. Moreover if the depth D

and web plate thickness t, are also kept at a constant

3
value while the remaining sectional parameters, vis

B., t., B

10 Y and t,, are varied; it will then be

2° 2

possible to search for the solutions to Design Problems
l, 2, and 3 as described in Chapter 1, simultaneously. .
The entire process can then be repeated ﬁs many times

as necessary for other values of D and t3.
When the values of the moment of resistance MR

and sectional area A' have been obtained, the results

can be plotted on a MRﬂV.A' graph as shown diagram-

matically in Fig, 6. In this dlagram OP is the
boundary of minimum areas and hence of minimum

welights to provide wvarious values of MR over the.

entire practical range. 0Q is the boundary of
maximum areas and therefore of the heavliest sections,
The ratio of the maximum to the minimum area at a

glven M_ is then a measure of the range of weights

R
of practical girders avallable to the engineer,
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In this investigation the sections of minimum area,
i.e. on the boundary OP, will only be considered
further. |

N

The values of the sectional dimensions Bl' tl,

32' and t, can now be tabulated along with M_ and A'

R
for all sections along the minimum weight boundary
OP as A' increases incrementally from its minimum
to its maximum value. These dimensions can then ‘be
examined to see whether a mathematical pattern, or
series of patterns has emerged.

This process can then be repeated for various

values of t3 and D whieh also can be varied incremen-

tally over their entiré practical range. The minimum
weight boundary can then be obtained in each case
and these can be superimposed on the one graph as
shown dliagrammatically in Figs. 7a and 7b.

A graph of the type shown in Fig 7a shows the
effect of varying the depth of section while meintain-
ing the span L and web plate thickness t3 constant,

If necessary this graph could be repeated for various

values of t3.

Fig. 7b on the other hand would show the effect
of varying the thickness of the web plate t3 while
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maintain;ng the -span and overall depth of seetidﬁ D
constant. This graph could be -repeated for various
values of D.

Since the category of web stiffening depends
essentially on t3 in relation to D, the boundaries

between such categories could be superimposed in
'Fige. 7a and 7b, thus enabling design conclusions to

be made in all cases.

It is hoped by this means to obtain a pattern
as to what constitutes Minimum Weight Design. If
80, empirical and theoretical techniques will then
be used to establish a General Method for any practical
section on any span., If on the other hand no
mathematical pattern emerges it is clear that this
empirical technique will still be a rational approach,
glving a solution to the design problems in a
particular case, and attempts would then be made to

streamline the process.
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DETAILS OF PRACTICAL INFORMATION

In proceeding with the investigatlon it is
essential that only sections which are a possible
practical solution should be considered; this can be
modified slightly tg.suggest or anticibate future
trends in dssigno_ Indeed it is hoped that by tpis
work plate gisde;s and built-up sections_éeﬂéf;iiy
will be poPularised and put to new usage.

Accordingly Messrs. Dorman Long (Bridge and
Engineering) Limited, Middlesbrough, were approached
by the author and asked for details of the ranges
of sizes used"fgf_ppsdtiqgl sections., This infprmatiSn
was generously provided by Mr. T.V. Thompson, M.Io
Struct, E., the Chief Design Engineer, and full details .
are given in APPENDIX 1, 1In addition”inrormation'Wﬁs'
“"obtained from the Dorman Long Handbook (7) regarding
the 1engths, widths, and thicknesses -of manufactured
structural steel plate and other practical detailso

The more important facts from this practical

ipfo:mation are:

1, Maximum Span, L =~ ==——me- 120 feet %
2, Maximum Depth, b ——————— 192 inches*
3. Span to Depth Ratio, ]IJ' ------- 7.5& < 30‘



FLANGE

38 up to 3/4.
<

A '
h=J3/I6 = 0-1875"

ﬂ* S
16 | minimum.

Tover 3/4 and up
2 FLANGE 3 to 1U4"
3 .
Qi h . “
; h= 1[4 =025

— " s
% I minimum .

over /1/4"and
FLANGE 3 ' up. to 131"

h=5/16"= 03125"

N WEB

_,| /6 7inimum .

FLANGE ver. /3/4 and
up to 2%z

MINIMUM

"'"l h=3/8= 0375"

16 minimum .

SIZES OF FILLET WELDS &

—

WEB PLATE THICKNE SSE S.
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4. Span to Width of Compression Flange
[ — L
1245%45:50
1
5 B8pan to Width of Tension Flange

L
—-m WG ¢ 50
2

o

6. Maximum and Minimum Thicknesses
of plates.
Compression and tension flanges

- omomemen L|.“ to 3/ "
Web. ————— 13" to 1/4m

(Tongue -plates would normally be used when the
flanges are thicker than 2#', so that in this
investigation the maximum thickness will be 23"),

7 8Sizes of fillet welds. The minimum sizes of
welde and web plate thicknesses are shown in
Fig. 8 and depend upon the thickness of the

| flange plates used:
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Flange Plate Thickness Minimum Sige of:

Web Plate | Fillet Weld
3/8" to 3/u* 5/16" 3/16"
over 3/4" to 1 1/4* 3/8" 1/
over 1 1/h" to 1 3/4" ' : 7/16% 5/16"
over 1 3/4" to 2 1/2 9/16" 3/8"

(See also: Notes on Welding in Chapter 1).

8. The thicknesses of manufactured rolled steel
plate vary by 1/16" increments up to 1" and by

1/8" increments thereafter.

9. The maximum widths of manufactured rolled

steel plate vary with the thickness, thus:

Thickness of Plate Max, Width
3 /8" 100"
7/16" 105" _
1/2" to 2" 108" e
2 1/4 to 3" 106" '
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(In many cases the web plate will require to be
fabricated ffom two plates connected by a longitud-
inal butt weld in order to make up the necessary depth
required. Welded splice details will frequently be -
required 1n_order to make up a given length of girdar.
This workmanship will increase .the fabricatirnig costs
but will not increase ‘the overall weight of the girder
and so wlll not be considered further in this particular
investigation). _

*As a result of studying this information it was
decided that the design investigation should be
extended to deal with siszes above and below the values
glven in items 1 to 5 inclusive.- There are two
reasons for this step:

a) If reasonable economy or efficiency can be
achieved, it 1s hoped by this work to encourage
engineers to use plate girders on longer spans.

b) The extension of the range will show the
variation in the efficlency of sectlions as less
conventional proportions are chosen.

Accordingly it is proposed to modify items 1 to

5 as shown:

1., Maximum Span, L —— 200 feet
2. Maximum Depth, D 20 inches

3. Span to Depth Ratio, %--- 54%$ 35
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4. Span to Width of Compression Flange

———- 10¢L £55

B,

5« B8pan to Width of Tension Flange
———- 10gL (55

B
2

In addition to these restrictions it is
intended to impose the following limits in order
to ensure that no anomalies in the slzes or
proportions of sections can occur:

a) The Flange Width to Depth Ratios and

D

[

32 shall have a maximum value of unity,

D
(and not the value of 3,5 as would appear.

possible from the previous information).

b) Minimum dimensions,

Minimum span i 30 feet
Minimum depth @ ==-== 36 inches
Minimum flange width =~-- 8 inches

Dimensions less than these can be extensively
provided for by using universal beams and columns;
such rolled sections will also in fact overlap
with the range of plate girders at the bottom end
of the scale.

L8



Only sections which comply with all the above
practical proportions and with the restrictions
laid down in B.S.449 (see Chapter 1) should be
considered further, thus substantially reducing the
number of possibilities.

THE CALCULATIONS

Since the calculations are lengthy and arduous
they will be carried out on a computer to a high
degree of accuracy and the same consistency for all
results.

The nature of the problem first suggests that
an analogue computer would be most sultable. However
a permanent record of the results will be required,
to be used; for example, as design charts 1in an
engineer's office, and this would generally involve
resorting to an expensive photographic process_apd
dealing with a vast amount of data. Unfortunately
no suitable analogue computer was awvallable ;ocally.

The next pessibllity is the use of an:electrenic

digital eomﬁuter, which could be used to prepare
| tables of results. Two Elliott 803 computers were
readily available in the neighbourhood, one at
Sunderland Technical Cellege and the other ay the
University of Durham, and these computers were both-
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to be supplemented by off=line automatic graph
plotters at an early future date. This has since
been effected in both cases. The graphs from these
machines can be obtained on tracing paper, and further
tracings or photographic prints can therefore be
‘easily made. (In addition the author had been
informed that a Probiné Device was to be installed
at the University of Durham whiéh would enable any
ceo=ordinates of points on a graph to be automﬁtically
transferred to digital tape for subsegquent future use
as input to the computer. This equipment has now
been installed). ' N

It was therefore decided to proceed with the
calculations by preparing special progﬁammes for
use on the Elliott 803 Computers. Since it 1is
anticipated that all such programmes may have wider
usage, these will be written in ALGOL (8) so that
they can readily be adapted for use on other makes
of cemputers. |

All the computer programmes in this investi-
gation have been written and tested by A. BERGSON
(9), using the information contained in this thesis
"which has been obtained or devised by the author,
(viz. Es LITTON), who also satisfied himself as
to the accuracy and validity of the results obtalned,
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it,was also agreed that A. BERGSON would operate the
computer, using the special programmes, to obtain
the results as requested by the author, who then
used such results to dévpiop the techniques
described in this thesis. By this arrangement the
authop - an engineer - has been able to concentrate
on the subject matter of the 1n§estigation, knowing
that the numerical results of the calculations have

- ‘been respongibly and efficiently obtained for him by

A. Bergson - a mathematicilan,

THE COMPUTER PROGRAMMES

Full details of all the programmes will be given
" in A. Bergson's Thesis (9). A complete 1list is given
in APPENDIX 2 at the end of this thesis.

" In order te proceed with the “"Empirical Search
for a Method" it 1s necessary to give brief details
of the main programme used, namely ABEL 1l.

Programme No. ABEL 1l.

Given the span L, sectional dimensions Bl’ tl,
Bys tps D, and t,, and constants A and K , it is

required to obtain MR, A’ Ppe? fbc’ fbt' %, s and
vy
R, with section identification in the output.
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The programme follows the Deslgn Procedure
described in Chapter 1.and has the following features:
a) The three classes of section U, V, and W are
automatically allowed for and the output
indicates which class has been used. _

b) All sections which do not comply with the
réstrictions laid down in B.S.449 are autom-
: atically rejected and the reason for this
rejection is given in the output.

e¢) The output indicates which of the four
categories of web stiffening is required,
(yiz. A, By, C, or D).

In this programme the output is given in a
tabular form. It can be seen that there are nine .
basic parameters necessary to define a girder,
viz: L, B, t., B,, t,, D, t3,1. and K, and that

1l 2 2
this programme gives a “check" calculation for any.
gipder. ‘

Care has been taken to ensure that this, and
all other special programmes can have as wide an
application as possible, if thi; is feasible. Thus

in fhis case proviesion has been made to enable Kl

and.l to be varied even although both these values
will be unity for most of the work in the investi-

gation.
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Example No. 2:1

Check calculations will be made on the five
approximations given in Example No. .1.1, using

Programme No. ABEL 1.

Input to Computer: L = 70 feet; L = 11.666667
' D
or D = 72¢;
t1= 1. 25“; t2 = 1000"; t3 = 60'4375“§ K1= 131: 1s
Approx. No.| B, L B, L
B ' B
1 2
1 36" 23603333 34" | 24,70
2 38" 22,10 33" | 25.45
3 39" 21.55 29" | 28,97
L 38" | 22,10 28" | 30,00
5 37.5" | 22.40 27 | 31.10

Note: Programme No. ABEL 1 has been written to

accept L ,
D

9 and L as input rather than

B

L
By 2

D, Bl, and B2.
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The input to and the output from the computer
are shawn in Table No. 2.1, The results from this
Table can be compared with those given in Example f
No.ll.l which were obtalned using a slide rule.

It can be seen that_the_sectibn adopted for
the desigh, viz. Approximation No. 5, has a moment.
of resistance of 1,863.91 tonft which is still
8lightly greater than the maximum applied bending
_moment of 1,840 tonft, and so it would be possible
to reduce the area further, though the value of the
SBtress Ratio R of 1,02 indicates that this final
section is within 2% of the fullystressed condition
aimed at in the Example No. 1l.1.

Finally it ;hould be borne in mind that the

values of fbe and fbt given in Example No., l.l1l. for

each approximation are sustained on -application of
a moment of 1,840 tonft, whereas the values given
in Table No. 2,1 correspond to the varying values of

maximum moments which may be applied to each section.

PILOT SCHEME

At this stage all the necessary prebaratory
work has been done and itlig now possible to proceed
with the "Empirical Search for a Method" by using a

range of practical sections as described in the Outline.
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This 1s essentially a first step and by no means a
complete answer in itself, though it is hoped, as
stated previously, to "steer” the investigation to
a general sélution by this empirical seareh, .

Selection of Numerical Data,

A spah'L of 100 feet has been chosén,'iégefher
with an overall depth D of 120 inches, le., L = 10,
b

and a web plate thickness t3 of 1 inch, In additilon,

. " Ky=1 and A<l since all girders to be considered here

will have constant cross gectional area and an
effective length of compression flange equal to the
span.

All of these dimensions will be kept constant
throughout this Plilot Scheme. It 1s intended that
these should portray the proportions of typical
long span girders,

The web plate thickness.df i inch ensures that
a reasonably large shearing forcg can be carried
by all girdersy; that only vertical web stiffeners
will be required, i.e. all Category B, and that an
adequate range of practical weld sizes, viz. 1/4"
up to 11/16", are available. The span to depth
ratio of 10 should ensure that no section will

exceed the perhissible deflection as well as
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asslisting in the resistance to the shearing force.
It can thus be seen that every effort has been

made to ensure that the moment of resistance MR' as

restricted by lateral buckling, should be the critical
feature of tﬁe design in all cases,
The crasé sectional dimensions which can be

varied are Bl’ tlp B2’ and tzo

t

1 and t2 can vary by 1/ " increments from 1" to
2 1/2v,
L and L can vary from 10 to 55, i.e. B, and B,
B1 32 . .

can vary from 120" to 21.8 inches in decrements of
1/16", provided that the maximum widths do not
exceed the maximum outstands of the flanges. (See
Chapter 1). The compufer programme number ABEL 1
would reject all sections which do not comply with
this requirement, but as it is consiﬁeredrthat fhe
maximum permissible widths of flange ﬂlatea may be
important, these have been determined and the values
are given in Table No., 2.2.

It 18 eclear that all the possible permutations
of sections over the specified ranges of dimensions
will be a very large number, and therefore it 1s

proposed to reduce this number by increasing the
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increments through the.range of each variables Further
calculations can then be made later to suﬁplement these -
by choosing other'increments or by eoneenfrating on a
particular part of any rangf;_._,ah'ould the initial choice
yield any immediate result. Care has been taken
_throughout to emsure that no preconceived ideas as

to what constitutes Minimum Weight Design will affect
the initial selection of sections,

Run No. 1.

The values of the sectlional parameters chosen
for the first run on the computer to determine the

M, N/ 4' values for each section using Programme

No. ABEL 1 are -

L = 100ft; t; = 1 inch; L = 10; K, 1311
D

L_ =18.5, 20, 30, 4O, 50, 55

w
(]

L_ = 14.8, 20, 30, 4O, 50, 55,
2 ] N

1 =1 1.25"; 1.5", 1.75", 2",

ck
]

1", 1,25, 1.5", 1.75", 2%,

- These values were permutated to give 900 possible
sections and the results are given in Table No. 2.3
Both the input to and the output from the computer are

given.
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Discussion of Results from Run No. 1.

It can be seen that :

1. Approximately 50% of the sections were rejected_
mainly because the maximum outstand of elther
f;ange was exceeded.

2, 'Vééy'féi-éecfions'provide&:é moment of‘reéiéﬁ;
ance greater than 4,000ton.ft which can be
consldered as a reasonable minimum value to be
required of plate girders spanning 100 feet.

the permissible

3e The moment of resistance MR’

compressive stress in bending pbc' and the

stress ratio R, decrease as L_ is increased,
: B
1

i.e. as B1 is reduced,

Indeed when L_ equals or exceeds 4O, most
By
moments are less than 1,000 tonft, and the few
moments greater than this value require a cross
seetionai area much in excess pf that necessary
from sections in which L_ is leses than 40, In
By
addition, when L_ equals or exceeds 4O, the
By

permissible stress pbcis never greater than
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3,16 tons/eg.inch, as compared with the maximum
possible values of 9¢5 to 10.0 tons/sq. inch which
sheu;d be aimed at; even if not actually achieved,
in a good design,. _
_ i;lis therefore recommended that:
.-12":-:'i‘hé*'l'ﬁ'§N-A' graph should not be plotted in this
case, and furthgr calculations should be made
choosing sectional parameters within the
original specified ranges yet more likely to
produce results which can be regarded as possible
solutions.to typical design problems.
2. The wastage of computer time should be reduced
by altering the form of presenting the input.

These recommendations have been embodied in
Rﬁn No. 2.
Run Neo 2.

In this rmi, L_and L_ are restricted to a
B, B

maximum value of hd, and tjand t, are extended to

deal with plate thicknesses up to 2;5" in an effort
to increase the values of the moments to be obtained.

The different values of tl and t2 are now treated as

separate pieces of input to the computer while L_
By
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' L
agdkga_gre varleéd from their minimum possible values,

which vary with t, and to respectively as shown in

Table No. 2,2, to their maximum value of 4O in all cases.
By this mgéns no sectlions having flange widths exceeding
the permissible outstands will be used, thereby avoid-
ing the wastage in computer time encountered in Run
No; 1.

Full detalls of the input and output for this
sepgh@ run of the Pillot Scheme are glven in Table

No. 2.4,  .The input detalls can be summarised thus:

A =1

L and L = minimum value, 20, 30, and LO,.
By Bp

)

L = 1oor1_;;_. % - 105 t3 = 1"; F1' =1

t1 2._5'!’ 2.25'.', 2"’ 10875"’ and 1.75“0

ty = 1", 1.25", 1.5", 1.75", 2", 2.25", and 2.5".
All these dimensions have been permutated to give 140
possible sections, o
By examining Table No. 2,4 1t can be Been that:
1. Very few sections have been réjected.
2. Most moments of resistance are greater than
4,000 ton.ft.
3. The value of the stress ratio R can be either -
greater or less than unity, with several values

in close proximity to unity.
60



T’ 20000 PILOT SCHEME
' (Ruvs.283)
- 19,000 '
'} /8000 Y
- 17,000 -
- 16,000
- 15,000
N
- 14000 &
- 13,000 MINIMUM_WEIGHT
b BOUNDARY
- /2,000 § SR
E -
- 17,000 E - .
t .. L]
& .
L 10000 ©
li -
g
| 9000 3 .
3
8000
- 7000 .
- 6,000 y
L 5,000 .
- 4,000 y
3,000 F1G. 9 |
| 2000 : / 2 . .
. . (57" CROSS SECTIONAL AREA A'(50./NS)
1000- 100 . 200 - Jo0 = 400 . 500 p
A A A A i, . A A A . P e M




It]eag~be{§gp@igéﬁﬁiﬁﬁeﬁéfOPG that the sections
used will realistically portray a series of girders
which can be regarded as various possible solutions

to the design problems in the practical range, and so
.the'method described in the Outline may now be continued

by plotting the‘MR"/A"points for all the values.

The plot of ‘the points on the graph of MR

against
A' is shown in ¥ig,9, and it can be seen that the
moments vary from 1,500 tonft to 20,500tonft approx- -
imately with‘g wide scatter in cross sectional areas
throdghout ﬁpigﬁ#gnge. _

The boundary of sections of minimum welght has
been drawn on the graph, and thls does not appear to
have a smooth mathematical form. However the |
irregularities may be due to the fact that 1nsu§ficient
sections have been considered and it is therefore still
possible that such a shape, br series of shapes, may
exist.

The co-ordinates of points on the minimum weight
boundary were. -then read off the graph from the maximum
to the miniﬁum area in consecutive order, and the
results are shown in Table No. 2,5. These sections
were then identified by scanning the results in Table

No. 2.4 and the values of the sectional parameters

L, L, tl’ a'nd.t2 obtained;
By B2 .
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the

results of this process have also been included

in Table No. 2.5.

Discussion of Results from Run No. 2.

on

By examining the sectional dimensions of girders
the minimum weight boundary as given in Table No,

2.5, 1t would appear that a mathematical pattern has

begun to emerge, having the following properties:

1)

The boundary consists of a series of zones, each

" of which has a constant value of compression

2)

3)

flange thickness tl.

As HR and A' decrease along the boundary, the

value of t; reduces decrementally on passing

from one zone to the next adjacent one.

In each zome of constant t,, the ratio L_
increases gradually from its minimum possible
value as Uﬁ and A' decrease along the boundary,

and no such values of L_ are far removed in
By

magnitude from this minimum one. This means

that B; appears to vary from its maximum value

jbfér,h-liqited’range in each zone.

'No mathematical séquence appears to exist for

the values of the tension flange dimensions Bj and

toe
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Run Noo 3 .

In ordér to check the property quoted in 2) above,
a supplementary run was made in which all sections were

confined to the one zZone by keepiné t, = 2,5" throughout.
This particular value of t, was chosen since at thig
stage of the Pilot Scheme only two points had been

obtalned on the minimum weight boundary for this zone.

L_was varied over a short range now, from its minimum
B
1

value of 14.82 up to 20.

Full details of the sections in this run are:
L = 100ft.; L = 105 t, = linch; K =1; X=1; and & = 2,5

D 5 1
L = 20, 19, 18, 17, 16, 15 and 14.82,
B .
with t, = -.%25", L_ =19, 18, 17, 16, 15, 14 and 13.91
B
2
with t2 = 2.25". g_ = 19’ 18, 179 16, 15’ 1,-1- and 13.19
. 2 '
with ¢, = 2,375, L_ = 18, 17, 16, 15, 14, 13 and 12.51.
B,
and with t2=2.5“, Il_ = 17’ 16, 159 lh. 139 12’ and 11.89.

All these dimensions were then permutated to give
196 possible sections. The input to and the output from
the computer have been included in Table No. 2.4 and the
results have been plotted on Fig.9. The additional
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co-ordinates on the minimum weight boundary were then
read off and included in Table No. 2.5.

Discussion of Results from Run No. 3.

These results have been 1nc1uded with those from
Run.No.z, and 1t can be seen from Table No, 2.5 and
Fig.9 that many more points on the minimum welight
boundary have now been obtained for the zone in which
t, = 2.5%.

These additional results would appear te confirm
that, as HR and A' decrease along the boundary, the

ratio L_ increases gradually from its minimum
By
possible valueover a narrow range.

SUMMARY OF RESULTS

It should again be noted that the results of the
Pilot Scheme in this Summary are by no means a eempléte
answer to the problem of establishing a method for the
Mipimuﬁ Weight Design of mlld steel welded plate
girders, but are rather a first step in this direction,
‘pointing the way for subsequent work which will be both
- empirical and theeretical.

The results of the Pilot Scheme appear to indicate
that: '

6ls



Res/stonce .

Moment of

Cross Sectional Areo.

 DIAGRAMMATIC REPRESENTATION OF
 THE RESULTS FROM THE PILOT SCHEME .

FIG. /0.



1)

2)

3)

The minimum weight boundary consists of a series .
of zones each of which has a constant value of i .

compression flange thickness t1°
As My and A' decrease along the boundary, the .
value of tl reduces decrementally on passing

from one zone to the next adjacent one.

the ratio L _

In each zone of constmnt t1,
ot ' B
1

increases gradually from its minimum possible

value as MR and A' decrease along the boundary,

and no such values of L _are far remeved in
B
1

magnitude from this minimum one. This means

%

that B1 appears to vary from its maximum value

over a limlted range in each zone.

These results are portrayed diagrammatically

in Figo 10,

CONCLUSIONS

Now that some basic properties of points on the

minimum weight boundary of the My ~VA' curve appear

to be known, the search for a method of minimum weight

design can be continued by investigating in detail

the variation of pointe concentrated on, or tending

to approach this limit.
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The number of possibllities has been substantially

reduced by the pllot scheme and the subsequent

empirical 'and theoretical invesfigations can

confirm or deny the validity of the results glven,
The concept of a zone on the minimum weight

. boundary will be used continually in this future

work, deflned thus!:-

Definition -

All points having the same value of t;

constitute a zZone on the MR’\/A' graph.

The studies in the variations in web plate
thickness t3 and overall depth, D, as described in

the Outline, need not now be embarked on at this
stage, and these will be considered later in
Chapters 4 and 5.
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DETAILED INVESTIGATION ON AN EMPIRICAL BASIS

The search for a general method of minimum
weight deeign of welded mild steel plate girders
having cenetant cross eectional area and toreienal
" and lateral restraints only at the ends of the span 1s
centipued in this chapter on an empirical basis: A
typical leng span is chosen and sectional dimensions
.. are selected embedying the characteristics discevered
fipm;the Pilot Scheme of Chapter 2. It is re-emphasised -
that, by this means, it is hoped to find selutiens to
"ﬁhe three design problems described dn Chapter 1,
applying to gll spans in the practical range.

A zone of the MR’\IA' diagram was chosen; 1.e,

tq constant;'together'with'eeveral valuee'of the

‘patio L., increasing from its minimum value over a
. Bl ’ -

narrow range. L, L, t3, Kl anda.were kept constant
N D |
- throughout, leaving enly L. and tys the tension

By

) ﬁiange dimensions, to be varied.
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The numerical values chosen were essentially
the same as those for the Pilot.Scheme; this was -

done so that a direct comparison of the results

. could be made if required. The sizes were:

L

= 100£t; L = 105 t5 = 1 inch; K, = 1;)L= 1;
tl = 205 inches
”E = 14,815(min.), (Also values greater than this
By . " at a later stage) .
tg = 2,5" down to 1" in decrements of 0.125",
L = approx. min, vaiue, aevqg intermediate values,

32 and 55(!!181. ).o ':' ;

In the first instance the value of was

L
By
held gqnstant|a£ its minimum value of 14,815, while,

for each practical value of t2,'§', was varied in
: 5,

.nine stages from' its minimum te its maximum value.

With this form of presentation of data,
Programme No. ABEL 1 was used to obtain the values

of hR’ Af, Ppo? R, etc., for each section. The

input to and the output from the computer for this

' investigatien are given in Table No. 3.la. and the

plot of the MA/A' points for all of these sections

is shown in Fig. 1lla.
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-Discussion of Results

It can be seen from Fig. lla that when pointl on
the plet of MR against A’ having the same value of

tenslon flange thickness t are connected by a

_ continuous 11ne, a smooth mathematical curve 15
ebtained. Moreever, the curves so formed appear to
possess qharacteristics which will be investigated
more fully later.

Some of the characteristics appear to be:

1. Each line on the graph of MRf\IA' connecting

points having the same value of to consists of

a smooth curve which is partly linear and partly
non linear.

2. The sectional area A' 1s varied aleng such a
curve only by altering the width of the tension
flange By; all other sectional dimensions are

kept constant. Thus can ba regarded as

Py

B b
the only variable along such a curve,

3. For all sections on the linear pertien the
stress ratio R is greater than unity, while,
for all sections on the non linear pertien; R
is less than unity, and the two portions inter-
sect smoothly at a point on the curve where R

is equal to unity.
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L.

e

6.

The meximum value of Mp occurs when L is at
B
2

its minimum value, and the minimum value of Mp

occurs when L. is at its maximum value. Moreover
Bo '

Mp appears to ﬁave-its maximum value on the

non linear portion of the curve and its mini-
mum value on the linear portion, '

The linsar portions of curves hayihg different

. values of the tension flange thickness to

and the same values of all other sectional
parameters appear to pe co-linear, although
each such linear portion starts and fipihheé at
different points aloyg the common line.

.&8 to decreases from its maximum value, the

.1inear portion starts at a smaller value of

Mp and ends at a value of Mp which 1ncreasesx

to a maximum and then decreases, sp that:mépq
of tﬁé_rangp of the curve becomes linear.

It ig clear, then, that, as to is further
reduced, the entire practical range covered will
eventually become linear. In this case this
occurs when to 2,125" (see Table No. 3.1a.).
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7o

8.

On the other hand, as t2 increases from its

minimum value with all pther sectlional

parameters held constant (other than L ), the
Bo

linear portion starts at a greater value of

~M_ and finishes at a value of M_ which

R R
increases to a maximum and then decreases; so
that less of the range of the curve is linear,

As t2 is further increased, the entire range

covered will eventually become non linear,
(Extra work shows that this will eoccur when
t2> 7" which is outside the impesed practical

range).

It can be seen from Table No. 3.la that, as

L 1is increased along a curve, it is pqﬁ_sjagle
B, B
for the transition from Class 3 thz;ough Class
1 to Class 2 to take place (see Chapter 1),
i.e, from W through U to V to take place,

and this can occur on the linear or non linear
portion of the curve. The abrupt change may
well produce discontinuities on the profilé of
the curve and this should be investigated further,

71



The abeove eight characteristics apply only -
at this stage to particular numerical values in a

particular zone of the M_AUA'! graph. Nevertheless

R
the mathematical form cbtained suggests that these
may well apply to all such lines no matter what
numerical values are chosen. Moreover it would

now appear possible that the minimum weight boundary

en the MRfv'A' graph can be built up from a series

of such curves intersecting one another along the
entire béundary, rather than consisting of a series
of points as obtailned in the Pilot Scheme of
éﬁabter'2; Such a curve will now be termed a
caqtour, and its general properties will noew be
irvestigated.

THE CONTOUR

Definition

A conteur is a continuous line on the MENJ

A' graph in which L is varied from its minimum
B,
to its maximum value while all other sectienal

parameters are kept constant. Thus the cross
sectional area A' of sections along a conteuﬁiis

varied ohly by changing B, (or by changing the

ratio L where L is a given span).
B2
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The conteur will now be regarded as the

und tal“element to be used in:tHé formation of the

© i s RN

finimiin-weight boundary. The results obtained from

' the Pilet Scheme of Chapter 2 regarding points on
-this boundary can now readily be agplied to contours,
thereby giving centinuous variations rather than the
intermittent isolated points previously used, Thus
in accordance with the results of the Pilot Scheme,

those éanteurs having a constant value of tl and

different values of'%, at and just abeve the minimum
1

value of this ratio aﬁould be regarded as the unital
elements in a zone of the minimum weight boundiry;
the same procedure can then be used for all other

zones using the appropriaté value of t; in each

case until the entire boundary has been formed.
The envelope of the minimum values of A' to
provide a given Mp throughout thé practical range

of Mp can then be ebtalned from these interseetip#

contours, and this will be the Minimum Weight'-
Boundary.

In order to proceed in this way it will be
essential to ensure that any contour can be -
accurately obtained for all possible numerical .

values;
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all discontinuities along the profile should be
readily -detected -and defined, yet it will be
desirable to avelid an excessive amount of cempu-
tation. Thus the properties of contours will be
‘investigated in detail, on an empirical basis in
this chapter, followed by a theoretical analysis
in Chapter 4, before stating the General Method
in Chapter 5.

oy

Empirical Invéstigation on the Properties of

“"Contours

This 1nwestiga;10n has already been started
with earlier work in ‘the chapter dealing with the
gone in which t; = 2.5 inches. All other gones

in the practical range will now be considered by
varying tl from 2;5 inches dewn to 1 inch in

' decrements of 0.125 inch. In each case L
By

will be kept at its minimum value, and 1t will
be arranged that the results associated with
each value of t2 will be tabulated separately.

Thus in each zone L. and t, will be held comstant,

1
By

and, for each value of t, in turn, % will be
2

vafipd in steps frem its minimum to its maximum

value;
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this is a particularly convenient way of processing

the data. since the minimum values of L whieﬁ dspend
. 32

‘on tp can be readily handled in the input, and since

the output will give the values of MR against A

along a contour for each value of t2 in sequence,

Moreover, in view of the ﬁossible inportance
of the result along each contour for the section
in which the stress ratio R 1s unity, the value of
_;_. at which this occurs should be included in the

2

- ~data, .This can readily be done by a process of -

successive approximation, realising that as L
B

2
increases, the tension flange area reduces and
thus R increases (see also later);all the values
in this process can be given in the table of

results and can be efficiently used to plot the

. contour.

In addition, since it is possible for the
three types of Claes, viz. 1, 2, and 3, te
eccur along the one contour, it will be desirable
‘to be able to observe exactly where the transition
takes place. It hase been shown in Chapter 1 that

Class 1 (or U) occurs when :=-
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Since L 1is the only independent variable aleng a
By
contour, equation No. 3.2 can be used to determine

that value of 32 at which Class 1 occurs, and thus

the correspending value of L can be ebtained.
Bp

There is only one such value of along each

L
Bo

contour, and this may or may not be in the practical
range. Thus a computer programme was cemplled

(Progranme Neo. ABEL 2) to give the values of %
2

at which Class 1 occurs. The results are given
in Table No. 3.2 which also gives other critical

values of % which will be explained in Chapter L.
2

' Where such values appeared in the practical range,
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these, and other values of %2 in close proximity, were

included in the input data to be used to determine a

contour, Finally it should be noted that, as %2

increases, R :I.ncreases,(see also later') and the tran-
sition will take place from Class 3 (i.e. W) through
the unique value in Class 1 (1.e. U) to Class 2 (1.0.V).

Data

L = 100ft; L = 10; t; = 1 inch; K =13 A =1
b

t, = 25", 2.375", 2,25", _ q"

1

L = the minimum value, depending on t,. (See Table
By No. 2.2)

t2 = 2,5", 2.375", 2,25", 1"

L = minimum value, various intermediate values, 55.
"1-32

Pull details of input and optput data are shown
in Table Nos,. 3.1&. 3..1b’ 3.10’ esessco 3o1m’ 'hich
were obtalned by using Programme No. ABEL 1.

All the contours on the Mp~sA' graphs were then

plotted from this data, and these are shown in Figs.

11a, 11b, 11¢5 ccececes 11m,
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Properties of a Contour

Based purely on the results of this empirical
investigation, as given in Table No. 3.1 and Fig.1l,
the follewlng preperties of a contour begin te
emerge:- It would appear that :-

l. A contour may be entirely lineag‘ér non linear,
or partly linear and partly non linear over its
practical range, and each possibility depends
upon the values of the Stress Ratio R.

2. The Stress Ratio R is greater than unity fer all
sections on the limear portion (should this
exist), and is less than unity for all sections
on the non linear portioen (should this exist).
Mofeever, when both linear and non linear
porti;;; exist, these intersect smeothly at a
point where R is equal to unity.

3. The Stress Ratio R increases as L increases
B
2

for mest values of R, from which it can be
deduced that A' reduces as R increases.
However exceptions to this rule do occur when
R is small, say less than 0.6 aé is shewn in

Table No. 3e im,
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It is unlikely that this exception will appear on
any Minimum Weight Boundary, which would generally
be asseciated with values of R near unity, though
this remaine te be seen. This exceptioen will be
looked inte mere fully in Chapter L.

L, The linear poertions of conteurs (when they
exist) having different values of the tensioen
flange thickness t2 and the same values of
all other sectienal parameters are coe-linear
to a goed engineering appreximatio&f although
each such linear portion starts and finishes
at different points along the common line.

- Such a cellectien of contours will hencefeorth

be termed a set of contours.

(Definition: A cellection of contours having

different values of the tension flange thickness

't2 and the seme values of all other sectienal

parameters 1s defined as a Set of Contours).

5. The minimum value of A' for a set of centours
occurs on that contour having the minimum

value of the tension flange thickness t2,

and the maximum value of A' fer a set of
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contours occurs on that contour having the

maximum value of t2. Such maximum and minimum

values of A' may lie on either the linear or

non linear portien of a contour.

6.

Te

When a conteur is totally or partly linear,
Mp increases with A' on the straight line

portien without any discontinuities. The

maximum value of Mp dﬁdehe corresponding

-

value of A' on the st;;ifht line pertioen

are impertant; these occur when R is equal

to unity if this value can be attained in

the practical range. Otherwise these

occur when R has its minimum value which

must then be g;éater than unity, and in

this case the contour will be tetally linear
and will-terminate at this point. Mereover

this value of MR increases as t; increases.

The maximum value of Mp and the correspending

value of A' on the co-linear portions of a set
ef contours are also important and it is

vital for Minimum Weight Design te be able to
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indicate on which contour of a set, i.e. which _

value of t,, these values occur. This depends upon

whether the Class 1 section (i.e. U) occurs when R
is less than,'or greater than uniiy;
a) When the Class 1 section occurs when R is less
than unity. _
This 1s the more common of tﬁe two possibilities
and in this case the maximum value of Mp and the

corresponding value of A' on the co-linear portions of
a set of contours generally occur for the minigum

value of t2 for which R =1, In fact the values of

Mp for which B =1 increase steadily as t, 18 reduced.

Yo |

- However, 1in addifigﬁ,;és indicated in preperty No. 6

above, it is possible for a contour to terminate with
R belng greater than unity, and so the maximum values
of M, and &' on the straight line portione of the next

few contours having decrementally lower values of t,

should also be obtained and compared with those previous
ones to see which of these gives the critical value of

Mp.
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This state of affairs is clearly 1llustrated
in Table No. 3.1¢ and in Fig. 11e for the set of
contours in the zone %, = 2 inches. 1In this case
the minimum value of t,, for which unity is achieved
by R, is 1.625 inches, and yet the maximum value of
M and the corresponding value of A' on the co-linear
portions of this set of contours occur when t, = 1.5
inches, which is the next decrementally lower value
of to and for which the minimum value of R is 1.01.
It can also be seen that the next lower value of tos

viz, 1.375 inches, does not provide the critical value
of "R‘ Thus in this case the critical value is MR

= 109 5960“—1 tonftop when .A' = 338.9 quinso’ and this

oceurs on the contour for which t5 = 1.5 inches and

.R = 1,01 (the minimum possible practical value here)-.

Further information is given in property No.8 below.
b) When the Class 1 section occurs when R is greater
than unity. .
Thig;ppssih%lyty only occurpred on one set of contours,
viz, wﬁen t;ﬂg3b.5 1nchgs'aéféhdin in Pig. 11a and
Table No., 3.1a in the empirical investigation, though
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it may well occur more frequsntly with other choices
of datas In this case -the maximu.m vélue of Mp and

the corresponding value of A' on the co-linear
portions of a set of contours need not occur for the

minimum value of t2 for which R = 1, though such

value 1is not far removed from the maximum. A trial

and error search for the critical value of "B should

therefore be adopted. However a more sophisticated
approach and an explanation of this phenomenon will
be given in the Theoretical Justification in Chapter
ke

8: Relationship between L and tpfor all sections

for which R = 1,00,
From the data given in Table No, 3.1 the

variations in I with t, have been plotted in Fig.12
B2

for all sets of contours in the investigatilon, Iti
can be seen that the graph of such fpo:lnta in each
set is a straight l:l.ne? This property can provide

a means of datermining the value of . for which
B
2
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R = 1,00 on a given contour, thus:- the values of L
B
. 2
for which R = 1.00 should be obtained accurately for
two contours in a set, using programme No, ABEL 1 and
the process of successive approximation as indicated
previously. This establishes the stralght line,

and the minimum practical value of tp for which L
B
2

is greater than or equal to its minimum value can
then be read off, All the sectional dimensions are
now known and programme No. BBEL 1 can then be used
to .obtain the values of Hﬁ and A', Moreover the

value of R 18 also given and it can be verified that
this 18 unity.

This device can also be used in the investi-
gation into the sensitivity of R. (8ee property
No. 11 below). |
9. Discontinulties., Discontinuities can occur on
the non linear portion of a contour in which the value

of !R suddenly increasee or decreases at a pﬁrtieular

value of A", as A' increases, These happen. frequently
throughout Fig.11 and are due to the occurrence of
the Class 1 section (U) on the non-linear portion.
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Thus if the Class 1 section is located where R<1,
such a discontinuity will be formed. 'I.‘heré are two
types: -

a) A sharp increase in My at the Glass 1 section

value of A'; as A' increases. This occurs when

Jc > 1 and has the effect of increasing the
It

value of C-}B in the Clase 3 (W) range of sections,
(se_e Chapter 1) producing an increase in P, and
therefore in "B' |

b) A eharp decrease in My at the Class 1 section
value of A'; as A' increases. This occurs when

Je £ 1 and has the effect of decreasing the
It

value of Cy in the Class 3 range of sectlons,

producing a decrease in pbc and therefore in MR.

Both these types of discontinuities are illustrat-

ed throughout Fig.11 and can occur on two différent

contours in a given set, For example, in Fig.11d

vhere ty = 2.125',' type a) occurs on the contours for

which t, = 2.25", 2,375", and 2,5", whereas type b)

occurs on the contours for which tp = 1.875" and 27.
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- It follows then that it would be theoretically
possible for the case to occur in which o =¥y

exactly at the Claes 1 section, and this in fact does
happen when t, = 2.125" (= t;); there is no discontin-

uity in- this special case.
The values of L. along all of the contours in the
B, .

investigation for which y, = 1 have been tabulated
4

aa'g"r in Table No. 3.2, PFull detalls as to how

32‘
this has been done are given in Chapter L.

10. The slopes of all the stralght line portions of '
all contours in this empirical investigation are the
same to a good engineering approximation? This infers

essentially‘that these slopes are independent of By,
ty, and t,; this matter will be more fully dealt'ﬁith

in Chapter l.

11. Bensitivity in thg value of R. This property is

. best illustrated by réfbrring to Table No. 3,1f in which
the set of contours for which t; = 1,875" is defined.
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.It has already b een stated in property number

7a) that the maximum value of Mp on the co-linear

portions of a set of contours generally occurs for the

minimum value of t, for which R = 1, provided that the

Class 1 section occurs when R 1s less than unity.
However th:!'.__g_ af first sight does not appear to be the
case fromthe results given in Table No. 3.1f; the
values of Mp and A' for which R = 1.00 have been taken
from this table and have been listed in Table No. 3.3
in order of reducing t2. In this table the letter V

in each line indicates that for each value of tp the

section given is in Class 2, It can be seen that the
crose sectional areas are within 2% of one another
and that the moments are within 7%, indicating that
there 18 no subetantial difference between any of the
values, .
Nevertheless it can be seen that these values

of My and A' given in Table No. 3.3 do not apparently

conform to the pattern which 'otherviae exists, namely,
that Mp and A' increase steadlly as ty reduces.
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Even so this apparent deviation is well within 1%
which can be considered very small,

However this apparent anomaly is due to the fact
that all the values listed in Table No, 3«3 have been
obtained by considering R to be equal to unity corr@gt
to three B:I.E ificent figures; this means essentially
that R 18 within 1% of its exact value since the adjacent
- values of R will be 0.99 and 1,01 in this cale of
sensitivity. It can therefore be concluded that R ~
should be made equal to unity to a greater degree of
accuracy.

None of the values given in Table No. 3.3 have
been determined more accurately than to three signifi-
cant figures and so all values glven will have some

degree of error, though the values given for t, = 2.125"

would appear to have the greatest. For this reason .
the technigue outlinéd in property No. 8 will now b'é..:
used. Thus 3

A modified version of Programme No.:ABEL 1, namely,
No. ABEL 1A, was used to find the more accurate values

of % for which R = 1.000000 for the two contours in
-2

which tp = 2.5" and 1.375".
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The input to and the output from the computer are
shown in Table No. 3.4 and these have also been
added to Table No. 3.3. These two accurate results

establish t he straight line on the ty; ~/ L
B
72

graph, and the vglues of %_ for all of the inter-
2

medlate values of t, shown in Table No. 3.3 can now

be obtained by linear int_erpolation. All sections
obtained by this process wer& then analysed using
Programme No, ABEL 1A and the results are tabulated
in Table No. 3¢3e

It can be seen that the values of Mp and A'

now increase in order as t, is reduced and that the

values of the Stress Ratlo R are now all within
0.52% of unity. This indicates in this case the

magnitude of ths error in the linearity of tovL
B

though clearly at this stage more accurate walues of

L could now be obtalned by successive approximation,
B

rather than by a random hit and miss approach which
could be so easily embarked on with no guarantee of

success.
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It can also be seen by comparing the approxi-
mate and the accurate values in Table No. 3.3 that
if the results for which t2 = 2,125" had been the

only accurate ones tobe determined, the values of

¥p and A' would still not have been in order. Never-

theless this contour does reveal the greatest error

inL wvhen R is unity :-

Ba
Error in L =(39 - 38.417381 | x 100 = 1,52%
Ba 380417381

This represents a change in the dimension By of about

0.4" which can be greater than the minimum practical
increment.

However none of the approximate- values of Mp and

A' given in Table No. 3.3 have been altered by more than
1% by the more accurate ones and, if this small error
persists for other choices of data, it could well be
decided that such precision in the practical problem
would be unnecessary. Such precision will be necessary,

thoggg.if a technique of automatic design is compiled
from th:ls work, since the wrong contour would then be
- 8elected and the errors could be significant for

sections remote from the value of R at unity,
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__It should also be noted that the semsitivity of
R .cannot_be used to explain the phenomenon described
as a speclal case in property No. 7b. It can be seen
from Table No. 3.1a that tﬁere are three contours in
which the value of R equal to unity is obtained,
namely, when t5 = 2,5", 2,375", and 2,25".

_These values were then analysed more accurately .
using Programme No. ABEL 1A, and the results are shown
in Table No. 3.5 It canbe seen that Mp and A' still

do not increase in ascending order as to 1s reduced.

However it 18 interesting to note that the value of
R equal to unity occurs in Class 2 (i.e. V), Gléas
1 (1.0. U), and Glass 3 (1.e. W) when ty = 2.5,

2,375"; and 2,25" respectively in this particular
set of contourss The results for the contour in which .
to = 2.375" do not actually include the letter U which
indicates Class 1, However it can be seen that the |

transformation from W to V has taken place when L
Bo

is Changed fron 1'-'-. 5638’-‘- to 1‘-!-0 563859 il.0. by an
extremely small amount. Moreover by referring to

Table No. 3.2 1t can be seen that the Class 1 section
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on this contour in which ty = 2,375" should occur when

L = 14,564, Thie latter value is clearly not sensi-

Bo :

tive enough to locate the single point on the contour

which in this case coincides with the point at which

R is egual to unity. In fact the actual two corresp-

onding values of R from Table No., 3.5 are 0,997227 and

4.004080, and it was found that the value of R equal

to unity, correct to seven significant figures;, could

not be obtained on the computer; L would have to be
By

varied more minutely than by the seven digit increment

chosen, and this process then begins to reach the

capaclity of the computer used.

There ie no real practical significance in this
phenomenon as the design engineer will certainly never
work to this accuracy. Nevertheless it is worthy of
note to realise that when Programme Nos., ABEL 4 and
-ABEL 14 were complled, the condition for the Class 1
t B? e 4 t232 s but was

section was not given as :- 1 1
12 12
° 3 -8
rather given as ;- t4B3 —t232 = 107" 4n order

to give a small finite tolerance.
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The increments of % then make it a fortuitous
22

business as to whether the value falls within the
tolerance, and it can be seen that the letter U
seldon appears on the sheets of Table No., 3.1, even
although this was specifically intended, However
the Class 1 Bection canbe regarded as a 1limit
which can be approached from the Class 3 range

by increasing % or which canb e approached from
02

the Class 2 range by reducing L. . The actual limit
B
72

will, as mdicated abovey; be seldom obtained, being
"generally overshot in this process. Nevertheless
the profile of the contour at this discontinuity can
be clearly defined by obtaining values of Mp and A'

around this limit.

12, The rate of change of Mp with A' 1s generally

substantially reduced for all sections. on the non-=linear
portion of a contour; i.e. when R<1. An exception

to this rule occurs at the discontinuity described in

property No. 9 above when this rate = 4+ o0 , though |

this is a local effect.
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,This means that, for a given increment in cross

sectional area, a much smaller increase in Mp is
obtained when R<1 than when R >1. Indeed as t,

is reduced the rate of change of Mp with A' becomes
very small when R<<{; this is clearly illustrated
in Fig.11 and suggests that it becomes more and more

wasteful to provide increases in Mp on a given set
of contours as t; is reduced, for sections where

R< 1, This is particularly the case in Fig. 1im
where tq=1".

This property would suggest that it is desirable
to choose sections on that part of a contour where
R> 1 where, as pointed out in Chapter 1, the tension
flange is fully stressed and the compression flange
is either fully or understressed, It remains to be

seen, however, if this is always feaslible in Minimum

Weight Design. (See also additional items later in
the chapter) |
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,*?It may well be wondered as to what is the
degree of linearity or co-linearity, etc., as
described in the text, or what is the percentage
error in "a good engineering appfoximationﬂ.
Humericallanswers could be obtained for this, and
other, empirical investigations by obtaining,
analytically, the slopes and intercepts of lines
on the Mg’\/~é' graph passing through points whose

co-ordinates are given in Table No. 3.1, or from
a similar table for different data.

However this has not been done here as such
matters will be investigated on a broader, nobée
general, and theoretical basis in Chapter L,
Nevertheless it is worth recording that the original .
graphs of Fig.11 were plotted on imperial size graph
paper to scales of 1" = 1,000 tonft and 1"= 10 sq.ins,
and the properties given at this stage were inferred
graphically from these large scale plots.

These propérties of contours have been deduced
from the empirical investigation and certainly fully
apply to this data. A4s suggested earlier in the
chabter, it would appear that most or all of these
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;-u-o_pezft:lq_s will aleo apply to any contour. This
generalisation will therefore be examined on a
theoretical basis in Chapter L, before stating
the General Method in Chapter 5.

The "Detaliled Investigation on an Empirical
Basis" can now be completed here by looking into

the effect of varying L a8 indicated earlier .and
B1 :

then proceeding to build up the Minimum Weight
Boundary on the Mp~“A' graph by superimposing
suitable contours.

Effect _of Varying the Width of the Compression Flange

It has been established from the Pilot Scheme
of Chapter 2 that the points lying on the Minimum
Weight Boundary of the Mp~\“ A' graph consist of
sections in which the width of the compression

flange (By) 1s at or near its maximum value, or, in

other words, in which*the ratio L. 1is at or near its
B
1

minimum value.
The concept of critical points on the Minimum
Weight Boundary has now_be‘ezi'replaced by that of .
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critical contours; and so the effect of varying

L must be considered with respect to a comtour.
B,

A1l the contours in the empirical investigation
described above and illustrated in Fig.11 are

for sections in which L 1is held at its minimum

: B,

value in each gone, It 1s now intended to vary

L over the entire range of practical values in

B,

a particular zone an@ to observe the effect of this
1nefease on representative contours. This step can
be regﬁrded as an addition to the empirical invest-
igation and should yleld further items to the list
of "Properties of a Contour",

Accordingly ‘the following data was selected s-

L=100; L = 105 ,=1"; K,=1; A=1; t,=2.5"
b
L = minimum value, the value for which R=1.00 (1if
Bp applicable), and various values up to the
maximum of 55,
t, = 1", 2.5"

97



= 155, 1542, 15.4, 15,0585; 16.9'4_-39,9 17.392,
18,462, 19.673, 21.053, 22,642, 30, Lo,

—-555-and those values of L at which
' B
1

EI
P4

R=1,00 when % has its minimum and
Bo

" -

mﬁximum values.

It should be noted that the sizes chosen for L
. B,
consist of values which are:-

a) Just above the minimum (i.e. just abovée 14.815
which has alréady been given in Table No.3.18).
This is in accordance with the results of the
Pilot Scheme,

b) equal to the minimum sizes given in all other
zones, as given in Table No.3.1. |
These values which apply here to a compressien

flahge thickness t4=2.5" can thenbe compared

with the corresponding values in Table No, 3.1
for different values of t4 to see which will

give the Minimum Weight Boundary.
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c¢) at other intermediate stages up to the maximum
of 55, |

The contours on the Mp”VA' graph from these
results have been plotted in Fig.13, and these can
now be examined and compared with those pletted in
Pig.11.

It can be seen that all the contours shown 1in
Fig.13 exhiblit some or all of the properties listed
above with no contradictions, and yield the foellowing .
additional properties.

" Properties of a Contour - Additions to the List

13. The slopes of the linear portions 6f contours

having different values of L and the same values
. By .

of othé#“sectional parameters remain essentially
constant, being approximately equal to the sBlopes
of the linear portions of all the contours shown
in Fig.11.

This appears to substantiate the suggestion
made earlier in item No.,10 that the slope of a

contour is independent of B1.
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14, The intercepts on the M, axis formed by

extending the linear portions of contours increase

algebraically as L increases.

o

15. The value of Mp on a contour at which R 1s

unity decreases as L incresdses,
By
These three properties (13, 14, and 15) can
be expressed dlagrammatically as shown in Pig.1k.
It is clear then that a greater value of "R at a

given A' will occur on the contour having the

greatest value of L, , provided that the Stress
By

Ratio R 18 greater than; or equal to, unity; it

can therefore be deduced that the maximum limit-

ing value of Mp at a given A' will tend to occur

when R tends to unity provided always that  this
can b_e achleved in the practical range of sizes.
'.ph;l.s can be verified by considering any numerical
value of A' in Fig.13.

This is an important discovery which will be
continually used in the formation of the Minimum
Weight Boundary.
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aaen

16 For any value of L the Stress Ratio R decresses
o ‘ 5
2

on passing from one contour to another in which L
: B
1

is greater, while all other sectional parameters

. remain constant.

' This means that, as L increases, the contours
- By

eventually become non linear, since R will become less
than unity for all sections on the contour,
From this property it can be deduced that the
minimum value of MR at which R is unity will occur
on any contour wvhere L. 18 equal to the maximum value
By
of 55, It is then possible to determine that value of

L at which this occurs for a given value of tye Thus
B4

for the two values of to used in:Fig.13:—-
when t2=_1"; % =28, 9311’4; e HRJI'738. 27 tonft and

o |
A' = 242,01 Bg.ins.

=2‘-'|-o 1 3 o * uR=73550 88 tonft and
1 -
A' = 294,03 sq.ins.

and when t_=2.5";

L
2 B
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For both these sections R = 1,005 L =55; L = 100';
B

L =10;K1 = 1; A,: 1; t3 = 1"; and t1 = 2.5".

These sections then_denote practical lower limitp at
.which the properties Nos. 13, 14, and 15, as illustra-
ted in Fig.14, will cease to apply, and, of these,
-the section for which tp = the minimum value of 1", is

.:criﬁieal.

The characteristics of sections on the Minimum
Weight Boundary, as discovered from the Pilot Scheme
of ghépter 2, may therefore cease to apply when the
unital contours have values of R less than unity; this
will oecur.at lower values of MR and a short investi-

gation will be made later in the chapter to study this
effect.
. 17. Gontours having different values of t, -and the

same values of L -and of all other sectional parameters,

B,

exhibit similar properties to those described in items
13, 1k, and 15, which refer to contours having different

values of L and the same values of %, and all other
B -
sectional parameters, viz :-~
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a) The slopes of linear.portions are constant
and are approximately equal to those slopes
of contours shown in PFig.11.

b) The intercepts on the My axis increase alge-
braically as t, decreases.
¢) The value of My on a contour at which R is

unity decreases as t1 decreases.

These properties can also be expressed
¢iggrammatica11y as shom in Fig.15, and the similar-
ity y;th those properties shown in Fig.14 is then
quite apparent.

This item can be illustrated numerically by
referring to Fig.13, where it can be seen that those
parts of contours around the value of R equal te
unity have been superimposed from the data given in
Table No.3.1 and Fig.11, for five values of t4

‘between 1,875" and 2.5". When these superimposed
portions of contours are compared with the contours

having the corresponding values of L with ¢, =
B
1

2,5, 1t can be seen that the points made in a), b),
and c), are confirmed. '
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This item is also important as this means that
at a given value of A' the maximum value of MR will

generally occur where R is unity on that contour
having the minimum value of t; which can produce
this state of affairs. |

This explains also why, in the Pilot fcheme,
the sections on the ll:lﬁ:l.mum Weight Boundary in a

given zone have values of L at, or near, the
By

minimum, As'L is increased 1n a given zone,, the
B
o |

values of M, and A' eventually mierlap with those in

the adjacent zone having the .next lower practical

value of t;, and these latter values are superior,

giving a greater value of lln for a given value of A?

104



THE MINIMUM WEIGHT BOUNDARY

The prope_rtiqs of contours have now been investi-
gated fully on an"'émpifical basis and it should now
be possible to build up the ¥inimum Weight Boundary
on the M N/ A' graph for this data, viz; for

L =100 ft; L =105 t; =1 inch, K, =1y, and A =1,
: )

using portions o-f contours as the ‘uynital elements.
However, before doing so, it is intended to examine
more closely the character:l.sticé of sections likely
to appear on this boundary at the lower values of
Mp. (< 5,000 tonft.)..

Invetigation at’ the Lower End of the Boundary

The problém here has been referred to above in
item 16 in the 1ist of "Properties of a Contour”,

It can be seen from Fig.11 and Table No.3.1 that
values of the 8tress Ratio R greater than, or equal to
unity, only appear on contours in which t;> 1.625".

Since the minimum area A' on any contour having a
linear portion occurs when L =55 and tp = 1"; it
Bo

is possible to obtain the minimum area on the boundary
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at which R 1, using also the properties illustrated
in Pigeile This @mounts to searching for that value

of L which will Jjust make R equal to unity when the
B4

other sectional parameters are :-
/
;,=1c;>o;11; 105 t5=1"; K,=13A=t; t,=1.625"; and

L =55.

By

This was done by successive approximation using
Programme No. ABEL 1A, and the result was ;-

%

where Mp = 4,632,34 tonft(V) and A' = 222,36 sq.ins.
Hence sections on the Minimum Weight Boundary having
. cross sectional areas less than 222,36 8q. ins. nust lie
on contours in which R<1 throughout. lloreover, by
examining such contours in Figs.11 and 13 it can .be
seen that the rate of change of IQR with A' 18 very

small, 8o that by increasing the cross sectional area
along a contour the weight of the girder will be
appreciably increased, with little increase in Mp in

return. Furthermore, it can be particularly observed

in Figs 111 to 11m inclusive that the maximum walue
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“of Mp at a given value of A' will occur in this range

when t, = minimum value of 1* and L = maximum value
. B,

of 55; only intermittent values are shown here, but

these do tend to indicate the significant character-

istics which will now be investigated further,

- It 18 clear then that to obtaln intermediate
values on the Minimum Weight Boundary in this lower
range, 1t is only possible to vary L and tq4.

. : B4 '
Accordingly this was done for all practidal values
of t4 and for incremental values of L throughout

B4
the entire range.
Data . .
L =100'; L = 10; ty=1"3 K1=1;}L=1; t,=1"; L =55.
. D , B
ty = 1" up to 2.5" in steps of 0.125"
%L = minimum value, intermediate valuesy, and the

maximum value of 55.

These sections were then analysed on the computer
using Programme No. ABEL 1, though these results are
not shown in the thesis. All poilx_}ts. on the M~ A}
graph |
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were_ then plotted in EigaiG. This tim;,_howeverg
it was not possible to draw contours, singgﬁonly
oné{point was known on each contour. Howév;r 1t
was convenient to draw smooth lines through points
representing sections having d ifferent values of

% and the same values of all other sectional
- |

parameters, Such lines will now be termed
"Inverted Contours".
Definition 4n inverted gentour is a contimucus line
on the Mg A/ A' graph in which L is varied from
its minimum to 1its maximum valu:' while all other
sectional parameters are kept constant.
Discussion of Results

Only brief cqmmenté will be made here as it
woulq appear that the sections in this range are
considerably understressed and are therefore
qucqnomic and un;ikely to be regarded as sultable
?ract;cal solutions to the three design problems of
ghapter 13 neveértheless some comments are necessary

in order to be complete.
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It would appear that ;-
1. Inverted contours consist of curves which can
be elther partly or totally linear or non linear
(though no example of total linearity was obtained
from this data). Such possibilities depeﬁd upon the
value of the Stress Ratilo R.
?. When both linear and non 1inear portions exist,
these mtersect smoothly and the Stress Ratio R 1is
equal to unity at this point; R > 1 on the linear,
portion and R< 1 on the non 11;1eé;r portion: |
3. All linear portions are co-linear and the minimum
a.;t-_ea A' on this line is the critical value of 222,36
‘B_q_. ins., as calculated previously.
4o There are no discontinuities; this is dué to the
fact that all sections are in Class 2, (i.e. V)
5. The minimum value of A' on each inverted contour

is generally obtained when 1 = maximum pei-m:l.ssib:!.e

H
b

value of 300, which can occur before L reaches its
B
1

maximum value,
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6. The maximum value of Mp for & given value of
A' occurs on that inverted contour having the minimum
value of t, which will provide a valid section. It

can be seen that some inverted contours stop abruptly
before R can attain the value of-unity; this 1s due

to the fact that L has reached its minimum practical
B
29

value, Thus the Minimum Welght Boundary will be
stepped as shown in Fig.16.

These are the main characteristics as to what
constitutes Minimum Weight Design for small values
of Mp. It is interesting to note on passing that 1t

would appear feasible to be able to use inverted
contours as the unital element in the construction of
the Minimum Weight Boundary thr&uggput the entire range:;
however a more detalled analysis of the properties
would then be required, and it is not intended to do

80 ‘here since contours, rather than inverted cantours;

wil; be used,
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.The Minimum Welght Boundary for the empirical
investigation can now.be built up in the form of
an envelope from the contours and inverted contours
shown in Figs.11, 13, and 16, supplemented by inter-
mediate values which will be obtained as the §ound§ry
begins to take shape. This Boundary is shown in Fig.
'47; the relevant contours can either be re-plotted
from the Tables of data*éiven above, or can be traced
directly in the case of those taken from Figs.11 and
13 since these have all been plotted to the same scale.

Those contours taken from Fig.11 can be regarded
as the "bones" or "skeleton" of the Boundary, |
comprising as they do of one contour in each zZone

(1cee of t4) in which I 18 at its minimum value; the
B4

most favourable value of t, has been chosen in each

case by using the "Properties of a Contour”.
The continuous plot of the Boundary at low values
of Mg (1.e. less than 5,000 ton.ft. approximately),

can be obtained completely from'Eig.16;
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_ .. The intermediate values in each zone can now be

determined by increasing L ; this has been done in the
' B4

first instance throughout the range by reducing 31 each

time by 1 inch and determining the critical values of

t‘2 and L which will give the optimum values of IQR

and A' for R > 1,000000. (In this sense the "optimum

values" of MR and A' are elther the maximum value of

ER at a given A' or the minimum value of A' at a given

Mp; both of these alternatives are equivalent and provide

- points on the Minimum Weight Boundary for a g:l.:ven span
and category of stiffening). Care has been taken to
ensure that these are indeed points on the Minimum
l!e:lght Boundary by comparing results with adjacent

. possible values of tp. Further points on each contour

were then obtained for R Jjust greater and just less

than unity by varying L .. Full detalls of these
- By

calculations are given in Table No. 3.6 , and the parts

of the contour have been inserted in Fig.17. _
This is the coempleted Minimum Weight Boundary

when the decremental change in By is 1 inch, and 1t
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can be seen that a "stepped" profile has been
obtained. However these "steps" can be smoothed

by reducing the decremental change in By which could

be taken down to an apparent practical minimum of
0.0625", This has been done for one "step" on the
Boundary in which t4=2" and B, is varied from éeyr

to 63" in decrements of 0.0625". The results are
shown in Table No. 3.7} and theeg. have been plotted
to a large scale in Fig.18.

It can be seen from Fig.,18 that the one Wstép"
due to the 1 inch decrement of B4 has been filled in

by sixteen smaller steps, thus making the transition
from one end to the other more gradual. Thie could
be done for all other steps on the Boundary, making
.the envelope tend to approach the 1deﬁ1 as Indicated
by the broken line in Fig.17. However at the present'
time manufacturers of relled plate require a tolerance
on the width of plate which can be as great as 0, 75"
over the nominal specified value for thick plates,

due to the shearing technigue uséd; the actual width
supplied would then be used and thus it would appear
that a likely practical minimum decrement would be

13



0.5" Bsay.

With greater gquality control this decrement
could be reduced and made to approach the minimum,
‘CONCLUSIONS

The Minimum Weight Boundary has now been obtained
for the Empirical Investigation in which :-

L=100ft; L = 103 4=1; and A=t

t
D 3

The boundary starts at the point.at which My =

=1"; K

595.43 tonft and A' = 167.71 B8Q.1ns.,, and extends to
the point at which Mp = 20,400.60 tonft and A' =
569,98 s8q.ins; these two points then define the range
of values of Moments of Resistance which can be |
provided by p#aétical sections. Nevertheless 1t would
appear that t#e economical minimum section will be at
the point where Mp = h,632.3h'tonft.and A' -

222,36 Bg.ins; since all sections below this value

tend to have low values of the Stress Ratlo B-a#d of

the permissible bendihg stress in compression Ppo’

this would suggest in this case; and péssib;y in all
others; that plate girders are an unsatisfactory form

of construction for all sections below the minimum
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value of A' for which R > 1,00, Lattice girders would
~ possibly then become more economical.

At the top end of the Boundary the max_imuin value
of Mp for which R = 1,00 is 19,587.4l4 tonft. and the

corresponding walue of A' is 513.31 aq.inas the few

sect:l.pns on the Boundary above fhis point have values
of R less than unity and cons_equeﬁtly, as can be seen
in Fig.16, become less competitive; since a smaller |

increase in Mp is then obtained for each uynital change

in A' up to the maximum cross sectional area of
569.98 8Q. ins,
The range of values of My can only be efficiently

sxtended by increasing ty above the value of 2,5%

Eowgver? as explained in Chapter 1, this would provide
considerable difficulties in welding technigues and -
might necessitate the use of tongue plates at greater
expense; nevertheless this does highlight what must
‘be done 1f higher loads are to be carried,

. It has therefore been demonstrated that a method
can be established to obtain the Minimum Weight |
Boundary with sectional identification which will
solve the Design Problem No. 3 of Chapter 1.

115



The ranges of values of Mp, A', and hence self

welght for a given span, can algo be given. Certainly
in the case of other sizes great care must be
exercised in case any of the properties of a contour,
which have been derived emplrically, cease to apply,
but it is nevertheless suggested that, even at this
gtage, the method could now be used for any other
data. (See also Chapters L4 and 5).

The Design Problems 1 and 2 of Chapter 1 can
now be solved by obtaining the necessary contours
on the graphs shown diagrammatically in Figs.7a and
7b, using the method described in the Outline in
Chapten 2,

No further empirical, numerical work will be
carriéd out here, however, since, as pointed out
earlier, it is intended to justify the general method
by a theoretical approach. This will be done in the
next chapter; followed by the General Methed in
Chapter 5.
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CHAPTER 4

THEORETICAL JUSTIFICATION

It has been demonstrated in Chapter 3 that it is
possible to build up the Minimum Weight Boundary on
the MR/ A' graph in a particular numerical case by

using contours as the unital elements. The selection

“of the relevant contours depends upon their Properties;

these have been derived empirically and therefore

- 8trictly refer only to the particular data used,
"Nevertheless it has been suggested that such properties

might well apply to all contours, so that a General
Method of Minimum Weight Design might be obtained.
It is therefore intended in tﬁis chapter to try and
Justify this possible generalisation by using a
theoretical, analytical, approach.

EQUATION OF A CONTOUR

It has been shown in Chapter 1 in eguations 1.6
and 1,7 that ;-

-when RK 1, Hp =Ppo « Ix and
. yc
when R>1 M = « I
XN R pbt “x
- y-t
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These two equations are the starting points in
the formation of the equation of a contour, and,

being different, must be considered separately.

Formatlion of the Equation when R > 1.
¥p = Ppt e Ix
Vg .

P

P, . is constant along a contour since t2 is constant,

and is either 10 tons/sq.in. or 9.5 tons/sq.in.
according to whether tp << 0.75" or to > 0.75"

respectively,
Then from Fig. 5 :~-

'yt = .t_2. + A1(2D - t1 -ia-) fAl(D - t1)

2 al

- ]
Also A' = A +Ay + 2,
o.. yt - t2 + “
2— Kl ooo.oo.ocooo.o-oo uo"

where p = A(2D -t - t5) 4 A5(D - t,)
. 2 I — O g
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2 2 3
;x=A1E>-vt-_tj_| +42Ert-f_g] +1tsd 4
;. 2 2 12

2
[t rgon]

Hence from equation 4.1

2
- Iy = Ay [D - b _ (t +t2)] + I:A'- A - .A_-Elx
A' T— - e .

o -2 ' L a2
(a')2 12 2 A'

.0.000;0.00. h.a

But ;;-om equation L.1: Yy = b 3 provided t2 is small
._-"-:'J_ ° -' -
Jr A 2

compared with u .
A'

Hence _ —_

I, = 213{ Ay (D-ty~t5)+ Az(2D-Uty "'-2}

Ie - e e . Io A‘ l
N {41 (2D-t4-t2) 445(D-t4) _} |

[’A"(D-t_‘l - fg) +A3(D-t1)] cee0c00ee00000 L|m3 :
' 2 2 2
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Thus in equation l.3 = Ix varies linearly with A', the
It

croes sectional area, for all values o_f R, providéd that
t2 18 small-compafred with p . It can be seen that
2 T
_32,. which varies along a contour; does not appear in
this equation; all other sectional parameters are
constant for a given contour,

Now when, and only when, R> 1,00,
f,4 = Py, = constant for a given contour and

M = pbt . :_[.E o Hence from equation 4.3
It

ug =N _A' - C . - ooo.oooooooo ll.oh

= W
where m = Pyye 2D {1;\1 (D-'l'..| -t2) ﬁ( 2D-4t, —ta)}-
6

{41 (215&1 -té) +#Az(D-t,) _}

. ..and c'=p I:A,,(D ty-to)+ A:(D—t.':l
ST 2 2

" 1,8.m and ¢ are positive for all values of the

sectional parsmeters. Thus Mp varies linearly with

A' provided that tp is small compared with yi.
2
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This 18 certainly true for most plate girders. The
maximum er;-;_ir in ],in_eaz_-‘j,t_','y will therefore occur when
t; 1s at its maximum (i,e. 2.5") with D at its
minimum (1.e. 36").

) _Ig_‘.qua_tfl_.;:h 4ot 18 therefore the equation of a
contour when R > 1.00.

";ggz;mmtion of the Equation when R £ 1.00

uggp;oc. ,I_x = Ppeo ° _:,[_15 . Yy
_ Ve It Ye
pb; varies slightly along a coz_rl?our, being dependant
on B,. This variation will be considered later.
From qqnol bo3 3= I = 319' - e, where e, and ep
7

are constants for a given contour.

e, = m_ and e, = ¢

Pot Pot
o.o MR = pb‘;(e14f-ea). Yt. = P_b;(e.l.‘A'-ez)(E_ - 1)
| _ - y
Yo c
i.e. MR = pbc(e1A'-32) (2 - 1) ccococeese Ll-os a
- Yo
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Now yc D~ yt t, B
: re g
to 1s small compared with D - pu , then
2 Al
y,= D- g =D(1-p )
T ot
. -1 2
ee D =(1=p ) N [ $ m——--
Ve DA’ DA'  \ma'
Since u < 1,
oYL
s o« Egn. L|-05 becomes .
. ) .. 2 L 3 i
L . "
Mp = Ppglegal=e )l B o b N+ fB ) ¢ eueo
DAD DA! : "DA'
=D g.' e [e+1 be, - 323 to a first
D 9 .D
approximation.

This equation can now be replaced by M _p g ~-g .
"Re"be| 1 "2 R_',

90e00000 u-o
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where g, =p e, and g, =4k (e, - 92}
D D (D

A, (D-t -t)) +__,1__\2 (20 -"L4t -t,)
6

A (t +t ) + A (D-t1-t )]E (D-t1-t2) +
2— 5._ 2 2

:(n-t )]

4

1
D

Hence g, and g, are positive for all values of the

' sectional parameters, and are independent of B,.

8ince IIR = p.bc ° ;x = Pbc [ 81 = gag."_}]
cmne A|
.. e -
then _;_x % 81 - 8251 } ........ - .
- yc 3 .A' .0000000. h.?
Hence I, varies hyperboliecally with A', although
Je . . . Ce

_;; does vary linearly with 1 , correct to a first
== 9

Ye . 4

approximation.
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PR )

Thus the equation of the contour when R £ 1.00 is
equation 4.6, viz: I_QB = pbc[g1 - g%_‘l_%] s and this

AO
is non linear, with pbc varylng slightly along the

contour.

From equation U, 7s g;xg )
?..-_y_c- + gg 1_ s, and this
da’ A

“ :!.é zero when A'> o0, Hence Ix increases with A',
there is zero slope when A'<> of, and there is infinite
slope when A' > 0,

When A'> @ ; Ix > g
Yo
When A'-> 0 ; Iy > -oO
Yo '
and when I, = 0 3 A' =go
Yo -

The graphs of I, and Iy against A’ can now be drawn
Yo J t

for the general case, as shown in Fig. 19.
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... .These graphs may, or may not, intersect in the
practical range of sections. A' is varied by changing
N . '1' .'
B, alone, and so the common value of A' at the inter-

section = A' _, can be determined thus:- Iy = Iy and

CT .
Je It

therefore yc =¥, = D

| 2
Whence B3'' = A;(D-ty) 4 A5(t5-ty)

t5(R-ty)
and ' = A (2D-t -t A_(D=-t
] AC;T é"(_ D-t, 2) + ,3(, _1)

(D-t3)

These values can be determined for a given econtour
and it can then be established whether B)'' is within the

practical rapge or not. (The value of L for a

B.!l'
2.

g__i_v_en contour was included in Programme No. ABEL 2,
and these values were included in the Empirical
I'z_zv'est:l.g.atilon described in Chapter 3, being shown in

Table No. 3.2).
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An alternative method of obtaining AéT would be

to.solve equations 4.3 and 4.7 simultaneously. However
this method is not accurate and is not to be recommen-
ded since the equations are approximate, and 11ll- :
ggndi;igging can arise if the gradients of the two

curves at the point of intersection are nearly equel.

PROPERTIES OF A CONTOUR

The equations for both portions of a contour have
now been obtained and it has been verified that when
R > 1 the contour is linear and when R< 1 the contour
15 non llinear, '

_EBach _portion will now be considered separately ”
and particular care will be pgid to those propertiee__w:
which are most important in the derivation of the

Minimum Weight Boundary.

The equation of the contour in this range ie 3=

HR ,é - A' = C5 oocesceos bely ]

provided that t, 1s small compared with y., where
2
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p— -

S .
... m=p o D|A (Dt =t D=2t ='2
. M=peD .1(. . )+ 3}_( . _2_)

A(b-il'?_“.r) + 33 (b-t )
| 1 2 2 2 1

and ¢ = p. [A (>-*1 - 2 ) 4 A3(D-t )]
bt 1 2 2 2 1

From these expressions the following partial derivativea

can be obtained; dm , dm s dm , d3m , 3m , Om

9 ac 9 36 [ 3__2 9

and 2 . 2e ,2 5 Y ;s 2o 5 2g .
‘bt1 t, 31;3 _..-'0.31 oD _apbt.

l_fzx_'g_se:_pa_rtd_.‘al derivatives will show whether m or c
increase, decrease, or have turning ;*r_iaiues_ throughout
jﬁheir,gntire practical range, and whether these rates
are high or negligibly small.

. Negative Intercept ¢. It can be shown that :-

dé p (B =t )(D-t 1";2) > 0 for all valu'es
‘5’;1 STt 1 3 1T ’
Py (B t,+Dt,=t,4,) < O for all values,

2

3

oqol
o fjo

v2

_end 1s a quantity independent of ty
| 2

20 =p [ D(D-2t -t,) + ¢, +t1tz:l>o for all values,
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_ S
2¢ =p .t (D-_1 - _2) > 0 for all values, and is a
331 bt 1 2 2 :

quantity iridependent of 31.

= o t (B=t. ot (D= 2 O for all values
pbt' 1_( 3) + pbt 3(. 7 ) > o ’

dc. .= A (]_)-_t_'_l_ = :g ) + f_; (D=t ) > O for all values,
dme ez

E 'I'h:ua-'_c iz.xcree_lses as t,, t_o B, 3 D, and P, increase

.3

and ¢ decreases as t2 increases,
However thé maximum range of t5 is 2,125", and this
will never be achieved by any one set of contours for

R>1 ; the likely practical range of t, in this context

2

Then: Change in ¢ due to change in t, = 3¢ o Sto
. : dto
==Ppy | B1ty # Ptz = tyt5 :I X1
Hence the maximum change in c¢ with tp will occur when
Bys Dy t4, and i3 have thelr maximum values. Thus max.
change in ¢ with tp = 188 tonft, and the corresponding

value of ¢ = 11,320 tonft.
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Hence error ={188 x 10()2‘ =1.66 %
| 11,320

However it will be shown later that contours of
different t, converge as A' 1ncre-ases, while the
practical values of My are of the oi-der of 12,000 tonft;'
‘8o that the error in the practical value of Mp
neglecting the change due to t, will probably be not

greater than 1%.
Gradient mc It cdan bve shown that :-

'9m , dm , dm , and dm > O for all values

0ty ?B,  ?D 9Ppt
end dm and dm- L © for all values.
t2 t3 '

The algebraic expressions for these derivatives
are extremely complex and will not be given, although
these have in fact been obtalned by the.adthor and
- checked by BERGSON.

" Insteady the variation ofr the @a&ient m can be
illustrated thus :-

It c%n be shown that m = ppb‘.1 -¢)
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1st TERM 2nd TERM ' 3rd TERM

4 2 [ I I EA S I I

where
¢=— . = .
2 5, t t ot 2

1Dty 1-5(t,+.2) + |Bt(P-1-_2)] « t by

2 - 2 2 2 :

_ L
t,t,t
1°2 3]

18t TERM ond TERM 3rd TERM

By comparing corresponding terms on tfze numerator and

the denominator it can be seen that :-

1) q) is always positive and less than unity, o+

2) ¢ varies most with D, then with B,, and least of all

with ts.
When D is large (200" approx.), ¢ can vaz;y from 0. 240
to 0.035 and when D is small (36" approx._),d)can vary
from ®,294 to 0,061, for all practical values of the

sedtional parameters.

Thus m can vary from 0.706 Dp,, up to 0.965 L S

indicating that D affects the slope most.
¢ varies little with t, and hence m will remain

éssentlally constant as t, 18 varied; since both c and m

vary by a negligible amount with té, then contours
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in a set will be co-linear for all practical sizes.

These results have been illustrated diagrammatically
in Fig. 20. This diagram shows how to vary the sectional
parameters in order to obtain the Minimum Weight Boun@ary
when R>1. Thus for any value of A' in the practical
range, the ﬁ;ximum value of My will be obtained when :-

%4, t3, and B, are at their minimum values;
and t,, D, and p, . are at their maximum values.

It can be seen that the pairs of contours diverge
as A' 1ﬁgreases in Pigs. 20c, e, and f, indicating that
the staéement made above is manifestly true for values
of t3, D, and pyy in the practical range.

However 1t can be seen that the pailrs of contours
,cqnvéz"-éé-«as__y increases in Figs. 2a, b, and d, and it
- might be thought possible that these pairs of contqu?s
could intersect within the practical range of A'; if this |
were to happen the statement méde above regarding t4, t2;
and Bf would be incorrect, being then only partly true.

' The variation due to t2 has been considéred earlier and

is negligibly small and need not be considered further,
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VARIATION OF A’

Proctical
Range. i
=
|
|

. the proctical range, but J/

This point is outwith.

would -have given a -,

‘greater value of Mp. /'n-1.00 |
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though those due to t, and B, do demand further attention.
Consider the case where tq and t, are small compared

with D, Then D = 4; Az = D t3; etc., and equation L4

becomes :-

’ ; A I1 A 1
l{R s Pb-tp "1+ 3 -3 Al - 1:"b‘l.‘.]") (A1 +72 AB)
A 1la -
. 24 + 5 ]

®0060000e00000 L|-08

| 1
with n 2p D[4 3%
2 Approximate
and ¢ % pbtp (411% A3) Values.

This means that for a given value of Ppi? D, and t3, m
and ¢ will vary only with A,, the ‘area of the compression
flange. Thus the variations due to t, and B, can be

consldered together here as a variation due to Ay,

Then referring to Fig, 21 :-
Equation of contour with compression flange area A, is

- v
Upe = my4" = ¢,

Equation of contour with compression flange area Ay +

4a4 is
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These contours intersect where A' = A'x. Thus ;-

mA, =cq =mhA'y -c

and therefore A} = cp- c4
m2-m1

Now ¢, = ¢, ‘= p.D. (44,)

and m, - (AA)

my= Py PA 1
6 (411-'2‘ Az + A_l,_\1)(_41 + % 43)

Hence A', = 6 (44 1-%43 + AA1)§-12- +§_1}
3

2

i.e. A'x ; 6A1 + 10543 + 6|_A-1, as M1 '}O
A3

The maximum practical value of A' = A' max.,
where A'pay 4 Az + 2.25A,

Thus A' . » LKL A', for all practical values, and the

contours ghown in Fig. 21 will not intersect within the
practical range of values., This now means that tl;e'

maximum value of Mp at any A" will occur when t, and B,

are at their mininmum values when R > 1 (within the scope
of this approximation),
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It should be noted that some care should be
exercised when applylng these findings to girders
having shallow depths (D < 48" say) and thick fianges
(t1 and t, > 2" say), since the approximation will

then have its maximum error.

Conclusions for R > 1.

1. The contours are linear for all practical values,

provided that‘fg is small compared with y;. Thus
2

the greatest error in linearity will occur when

D = 36" and to = 2.5"; when the gradients of

siraight'lines between any two points on the contour
will vary by not more than about 5%.

2, The contours in a set are co-linear to within about
1% in all practical cases.

3. The méximum value of MR for a given A' will occur
when D, and P, are at their maximum possible
values and when.t1, t3, and B1 are at their

minimum possible values within the pracﬁigal range
of sizes.

L, “R will decrease as Ppt is reduced. However -when

R>19P

bt is constant on a given contour and can
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only have one of two values depending on t,, viz. when
t, <L of'.75|:|., Pot = 10 tpns/sq._inch, and when
ty > 0.75", DPpy = 9.5 tons/sg.inch.

Thus care should be taken when the contours in a

set have values of t, above and below 0.75 inch.

However when RX 1, £, 18 no longer equal to p, .

t
and equation Yl becomes:~ Ny = .fbt(mg' - c)
Pot
fy¢ then decreases along a contour as L decreases; so

Ba
that the actual value of My is less than that which
would have been obtalned by extending the linear
'portion-beyond 1ts permissible range (see Fig.22). Thus
the tension flange becomes understressed and the

édmpzfeésion flange is néw fully stressed; so that fbe

| = pbc, and pb‘c is a variable along a contour,(unlike
pbt,)Q.epending on the geometry of the section (which

also varies along a contour) and on other factors as .
described previously. This explains why the linearity

of a contour ceases when R < 1, with the values of Mp
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at a given value of A' being then less favourable

(see Pig.22), i.e. the rate of change of Mp with A' is

less when R < 1 than when R > 1,

Properties of & Contour .eccceeccee R 1o

The equation of_the contour in this range is :-

o, - 2, fi KU

where g, = A,(D-t,-t,) + As (2D-Lt, ~t,) |

'
efle

6
g = 1 | A1(t, 4+t,) + A3(D-t,~t,) ||A, (D-t1 -t2) 4
2 D |:2 1772 3 1 "2 | > >
A3(p'- m] :
2
and pbc varies along a cor_xtour.

Moreover the equation Y4.7:- Ix = 8y~ 3221:7;, can be
Ye

written in a linear form by replacing 1 byX.
1 A'

'Thus x=1_ andf_:g =g1 -82“ ®0000000 L|m9
. Al Yo

Unfortunately this time the straight lines so formed

do not reveal a clearly defined pattern as the sect-

ional parameters are varied.
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Howewer the problem here is essentlally reduced to
finding which contour in a set will provide the maximum

value of M, for a given A', i.e., which value of t2

shqgld be chosen from a set.

Accordingly the values of 381 and 082 were

31:2 btz
obt.jained and found to be :-
08 . -t (B -%3) -t (p-2¢t) <o
dto s 2 5°

for all values, and

] 2 [
g2 = 4 |14 -LAA-14, | toaclose
to ° D 2

approximation. Unfortunately howewer g, has a turning
Y 3 ) ©2

value when t2 alone is varied, The detalls of this

phenomenon can be obtained by solving the eguation :-

2 2
- - 1 = ®#900o0000 010
O Sl £ *

The solution of this quadratic equation gives £3 - 1.12,

M
‘so that 982 - O when A3 _ 1.12, and 1t can be
dty A
seen that
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Practrical
Range .

.

VARIATION OF 39, and 3g,
S

b‘q, < O
atz

dg A
—2 < O when{ =3) < I'12 -
atz (A,) |

3¢, A
~2 = O when(=3)= I/2
, ('A’ )

2%, >0 _when(fa) >z
| i

FIG. 23.




bs2‘ o whenf-}_ > 1.12, and’
dtp < y

%8 S owen 45 < 1.12.
ot A1

Now #3 -:; Dt; , and this ratio can have a maximum

& Bty
value = 200x! = 5, and a minimum value
LOox1
. 6 1 _ i
I’ *-\3 = 0,33 in the practical range of

‘sections, so that the turning value of g5 with t2 can
occur within the practical range. This is illustrated
dlagrammatically in Fig. 23.

It can be seen that when A3 £ 1.12 the contours
A

having tensiorn flange thickness t, and t, 4 At, are

paralle]_. or d:l.vergé as X increasss, s‘howing that the

maximum value of Ix for a given % will then occur when
Je

to is at its minimum value.

However when f:) 1.12, the two contours converge
Aq |
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as X increases, and it may well be wondered if these will
intersect at a value of % within the practical range.

Thus in FPig. 23:-

Eqne of Ix A, n¢ for tension flange thickness t, is
Ve
Iz = g - 82
Ve

and eqn. of Ix /7 for tension flange thickness 1.‘-21-,“-2: is
Yo |

Ie - of f
=X = 8 - 82%

: / :
These lines intersect where X =%y = 8 - 8 =

{
82 ~ &
- A81=:ﬁ
Ag, 222
2 Jap
dto
o —(A, +14
SR {1 +3 3}
x ) . 2
gilA - 1MA;-14
S i ois]
= ~ [+ +1§ﬁ1%
2(a
: ' - A
- 2 =, where “3%1.12
A, 1-12&2;-1%&:; A
2 6(n 7 ulx




The minimum value of Xx in the practical range will occur

when 3 . 5, where A, = LO sg.ins.
4
o.o (_xx) min, = _1
75.3
i.e. Intersection will not take place when®y £ _t , or

| 75.3
1nte_rsec§j.on will not teke place when A' > 75.3 sq.ins.
No prac"!".:l.cal section on this Minimum Weight Boundary has
a cross sectional area A' less thin 200 sq. ins. Therefore
'ng Mterséctian is possible in the practical range of

sections, and hsnce the maximum value of Ix for a given

")5111.1 ocecur whén to is at its minimum value,

Now in eqn. L.63- My

Poe |:31 -32% i% = Ppee -5—‘-"
' - e

R

Thus when R < 1, the maximum value of M_ at a given A'

depends on both Ix and 1 0 However it can be seen
. ; c
e

from Table No. 3.1 that Pbe does not vary by much in a set

of contours, provided that all the sections in the set
are in Class 2(V). This is by far the most common Class
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to occur in a set of contours, and it therefore appears

from egn. 4.6 that the maximum value of Mp for a given

A' when R €1 will occur on that contour of a set which
has the minimum value of ty, provided that all sections

are in Glass 2(V),. __
Nevertheless Classes 1(U) and 3(W) do occur in the
practical range of sections, resulting 1n'discontinu1ties

on the M "N/ A' graphs with corresponding discontinuities
in the values of pbc. For this reason it is now necessary

to consider the variation of py, within and between sets

of contours.

VARIATION OF p, .

This is a large problem in itself and its complete
solution is not necessary for Minimum Weight pesign. The
difficulties are explained, though not all are solved; in
such cases; however, which occur rarely on the Minimum
Weight Boundary, a brief trial and error procees can be
readlily used, and it should be borne in mind in this
context that special interest need only then be focussed

on a contour near the value of R = 1.
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VYariation of Pyo within a Set of Gontours.

This analyeis applies to all values of R.

The two sectional parameteré which can be varied
here are B, and t,. B, varies along a contour and t,
varies between different contours in the same set, while

all other sectional parameters remain constant.

1
3 3 2
Y4By + t2B, '

12 (B4 + t2Bp + t3d)

', . l_Nol' ry

L) 1 ]
r 2 2 3 3 2
S-% _ 3d3 thg( t1 :-B-1 '!'taBg'.':th.) = E tg( t1 ?1 tf'z:,Bz)
. 3, = s < °

3 31 ]
(t4By + t5B, ) 2 (£4B4 +t5Bp4t5d)2

12 (t4B; + toBy + t3d)

and .
or O whe 13'3 1.5(dt ;B ) 32 -t 33 0
—L =0 Waen Bp 4 Te010L5454%4) ¢ Bp = % « By =¢

e®000000000 L|'011
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This cubic equation in B, can be solved, giving B,=B..

When Bp> B} , g_rx>o and
B2

when 2_B_2< B} » by £ 9. '
: B2

Hence ry has a minimum turning value along a contour when

B =B' , or 1l has a maximum turning value when L =1L .
y 32 32
In a similar manner it can be shown that
1
brx = O when By = B)' = B, 1 -[2 s 80 that
) ts 1 4+ (43
- M) |
1t .
By < By,
Also, when B> BY', dTy > O

?ts

and when _Bi-2<B'2', 31‘1 < O
D t,
Hence ry has a minimum turning value between different

. contours in a set when B, = Bé', or'% has a maximum
y
turning value when L. =1L_.
B, B
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When L L » 1- increases as t, increases, and
5,7 By 1y 2
Ba 52 Ty
when L L s 1- decreases as t, increases, between
\ 11
. B2 By Ty

different contours in a set,

These values of L and L may or may not occur

L B R

in the practical range in any particular case., Thus it
was arranged that Programme No:. ABEL 2 should calculate
L andl . Numerical values of these ratios were
By By
obtained for the Empirical Investigation in Chapter 3,
'aire shown in Table n§; 3029 and have been included in
Table No. 3.1 and Fig.11.

From Chapter 1,

Cg =4 + K2B for 01asles 1 and 2.

Here K, > 0 and increases as L  increases.

B2
Also @g = Ye (A 4 KpB) for Qlass 3.
' It..
Here Ko< O, and its numerical value reduces as L
2

ingrgases.
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VARIATION OF 4,88 K

Aand 8 A
CL‘A%S 3 CLAéS) 2
e - >> . .
~ ~——> K_ Increases
» e
Wi
I
L %
BZ
(@)
Aand 8- ﬁ
. LAY S | cAssz
> —
(w) _ (v)
~
al<
32 .
o L
-
L 82 ,
B!
—&( Negative) Increases
Algebraically.

(7:) Increases

(5).
FIG. 24.



S8ince D = constant within a set of contours; A and B
¥
decrease only as 1 1mrease§,b9th having a minimum
Ty
value along a contour when L =1L , and both having a
B B.
o Po

minimum value between different contours in a set when

L =1k .« Because of the different values of Ko,
B B! t
o o

Classes 1, 2, and 3 must now be considered separately.

a) When the section is in Glass 2, ' The variations of

A and B are shown dlagrammatically in Fig. 2La,

When L >/ ;B‘;' » A,B, and K2 increase as L 1increases

®
o o QB and I increase as L 1increases, from their
1 B2

minimum-values which occur at L

'
B2

When L é L » K, increases, but A and B reduce as-
Bo " Bj '

'L increases. Thus it cannot be saild with complete
B2

certalnty in this range that Pho has its minimum value
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- Lios,

where L =1L , since it is just.possible for the increase
Bo B

in K, to offset the reductions in A and B. Therefore it

is recommended here that the values of p,, be obtained

for L = the value at Class 1, an intermediate valuse,
Bo

and L , and these should be inspected to see which is
Bi
..2

the minimum. Nevertheless 1t is quite clear that all
values of Ppe in this range will lie very close to one

another,

b) .When the section is in Class 3, The variations of
A.ééd'p are shown diagfammatically in Fig. 24b,
Gg =3c ( A +K,B)

It
It has already been stated that when L =L s then
. 32 Bé' ?
Je =1, and these values éan be qbtained from Erggraﬁme

L4
No. ABEL 2, %vll may or may not be in the practical

range, and Jc decreases as L increases.
It Bp
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I
When L o L

B, B

» A end B decrease and K, increases as
t

2

increases. (Here K5<O and so its numerical value

-t

2
.giecrea'ges). It is therefore not possible to state

':I.med:l.ately how A 4 KQB varlies here; however Jc -also
. o - Yt

decreases as

L increases and so 1t would appear very
B
2

likely that c_:s and Poe decrease as L 1ncreases,
B

When% > %' s A and B increase, Ko increases
...2 by 2

algebraically, and Jc reduces as L increases. Again
B4 B,

it is not possible to state how C, and p,, vary.

It 18 recommended therefore for all sections in

Class 3 that L be made equal to the minimum value, an
By
intermediate value, and L , and the corresponding values
. Bv
25

of pbc obtained and inspected to see which 1s the

mir_;).imum. It is unlikely that these values of Ppe will
vary by much.
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c) When the section is in Class 1, There is only one

section on a contour which can be in Class 1. Thie
gsection can be regarded as a limit to be approached
from Class 3 or Class 2 by increasing or decreasing

L respectively.
Ba

In this way two values for pbc at this section wiil

generally be obtained, causing a discontinuity,

If L atClass 1 (K

L s the discontinuity will be
32 ' ,5,2 's v Lt . .

such thsat there is a sharp decrease in Pp. 88 L
L B
-2

increases, If L at Class 1> L s the discontinulty
- B BY.!? ' '

will be such that there is a sharp increase in P, 38

L increases. WhenL at Class1 =L , then Jc =
. 19 ¢

Bz Ba B> Ty

1 and there will be no discontinuity; this occurs when
t.' =t2 and 31 =520

Note:~ When L at the Class 1 section occurs when
B
29

R =1, or within a close tolerance of this limit, there

will be a discontinuity giving two values of Py, &0d Mo

at this value of A',
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Since the point at which R = 1 is important in the
formation of the Minimum Weight Boundary, great care and
accuracy should be used in this case.

Thus to éum up -

(1) ﬁbc can have a minimum turning value along a

contour or between different contours in the same
set, |

(11) The value of p,, in a set of contours does not vary
much, provided all the sectlons are in the same
glass, However further work should be done to
clarify the problems discussed above.

(111) There is a sharp discontinuity in py, along a

contour at the section at Class 1.

Variation of P, Petween Different Sets of Contours

Here the two irariabj.ea on the one Minimum Weight
Boundary are t; and B4.

As A' reduces down the Boundary it has been shown

that t4 and By reduce - therefore D increases and
: : T

hence A reduces ( T = t,)
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By mathematical inductlon equation 4.11 can be changed
to deal with the variation in B1. Then ;

3 2
9_1_'1 = O when B, +1.5(d_t:._.;__52t_2). By '_f'2_°§§ =0

®00e00000 )-|-O12
".
The solution of this equation is By = B,
When B-1> _1,3;., 31'1_ > 0 and
dB,

when B, < By , 3;‘ & 0, with all othser sectional
| 3B,

parameters remaining constant. Hence ry has a minimum -

turning value between different sets of contours when

= B' o
Bi‘l 1

However all practical values of B,> B

-

ry increases as By increases, or 1 reduces as

Ty

30 and hence

L
By
decreases. (Programme No. ABEL 2 can be used to give

L 1in any particular case).
B4 '

Hence as A' reduces down the Boundary, t{ and B,

reduce and D and 1 ~ increase. Therefore A,B, and K,
T r '
- y
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reduce, and so Ppe in Class 2 reduces as A' reduces.

However in Glass 3, Jc increases as t
. T

reduce and so it is possible for Ppe to increase slightly,

1 and B1

though it is very unlikely that such sections will
provide points on the Minimum Weight Boundary. It is

THE_STRESS RATIO R.

From Chapter 1 :-

R= (fot) - Poe) =  (Poe)
Pbt Dbt) _ Pot) _
Eag; -f_bg; éi’.‘c.g

© (Pbe | Tot RE

Consider the variation of R along a contour. Py 18-

‘constant, and, if the sections are gll in the same Class,

Ppe will not vary by much. Hence in this case the

. trend is for R to increase as Y¢ reduces. It has been

It _
shown earlier that it is advantageous to have R21,
80 that the contour is linear; therefore it is -
desirable to see what variations in sectional parameters

will increase the value of R, especially when R<K 1,
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Now Ye = D = 1,

Yt . Yt
and from equation L1, y, = %2 4+ u
2 Al
If %2 1s small compared with g , then
2 | A'
P=t, - + -t
y, = B = A {2D=%, - v} S3fD7% )
A 2A!
‘and ,°, Yo = A'D -
7t Ay(D- t4- t3) + A3 (D-t,)
2 2 2

000000 Ll'o13

Therefore,.for a given A'; Jc is at a minimum when
Ve

A, and 43 are at a maximum, and, to a much lesser
extenp,.when t2 is at a minimum,.

(Since A4y = Bty it.is'clear from egn., 4.13 that it
is slightly better to 1n§rease B4y rather than t4 1if

possible. If t; and t, are small compared with D, then

egn, Le.13 can be written as ¢ - Je¢ = _A' -1,
y o
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VARIATION OF R_BETWEEN CONTOURS




though it is h_ot necessary in this instance to use this
approx_imation) .

" Hence when changing from one set of contours to
another, the value of R can be's.t be lncreased 'by.
:!.nere;tg.:lng B1 and t4. This is shown dlagrammatically
in Fig. 25,

When R > 1, the maximum value of Mg at a given A' has
'p._ee'r_; shown to occur on that contour having the smaller

values of.-B, and t,, so that, for example,

M at X on contour 1 > M. at Y on contour 2,

R R .

It has now been shown that if g'at X =1 then
R at Y>1; moreover R reduces along a contour as A'
:I.ncréases, and so R = 1 on contour 2 at Z, where A'
at Z on contour 2>A' at X on contour 1,

From ,éqn. L.8, the equation of contour 1 is :-

MR:.—'pth A1i? A3 ° A_'-.?(A1 *E._A})_’and
' A1+1 A
RS TE

the equation of contour 2 is 3
- 1 1
Mp + AMp = Dy D (Ag+8A43 Ag)e (A'44A")-(Ay 408,42 45
(A4 444 43 As3)

Now AAy = AA', and therefore it can be shown that :=-

1.
MMp = Py PAz0A (Ap47 43)
6 (A1+0A1 15 A3)(A1 15 A3)

> 0, for all valuses.
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Hence Mp at 2 > Mp at X,
i.e, By increasing By and t4 from contour 1 to contour 2
the values of Mp and A' on contour 2 at R = 1 are greater

than those on contour 1 at B = 1;for all values of the
sectional parameteré within the limits of the approxi-
mation implied in eqn. L4.8. (See Fig.25).

Note:- This applies only when allﬁgeptipns concerned
are in the one Class., When Classes-1, 2, and 3 all
appear, there can be the sharp discontinuities in py,,

and so R need not then increaseras gg reduces,
t

Note:- It is again emphasised that this prodess only
applies to sections in the same Class. If the
traneition from Class 2 to Class 3 occurs during this
ppergtign_naar_where R =1, then it is possible for
the process to break dowmn. A briéf trial and error
process can then be effectively used for these rare

cases.

This completes the Theoretical Justif;cétion
"undertaken on this work. By virtue of both the
Empirical Investigation and the Theoretical Justi-
fication, a General Method of Minimum Weight Design
can now be stated; this is dealt with in the next
Chapter.
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A GENERAL METHOD .

From the results obtained in Chapters 3 and 4 it

' 1g now possible to state a General Method of obtaining

the Minimum Weight Boundary for any numerical data in -

the practical range. '
The method is shown diagrammatically in Fig.26

and indicates how to obtain the Minimum Weight Boundary .

for a given span L, span to depth ratio % » 8nd web

plate thickness t3. This is the solution to Design .

Problem 3 of Chapter 1; the cross sectlonal area is
constant along the span, and torsional and lateral
restraints are provided only at the ends of the-span;
i.e. K1 =1 andA—: 1 In additioh, however, as

indicated in Chapter 2, the answers to Design Problems
1 and 2 can also be obtained by choosing different
values of % and t3 throughout the practical range

and then superimposing these on the one diagram as
shown in Figs. 7a and b.
PROCEDURE, This is described with reference to Fig. 26,
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1) To obtain the points marked P on the boundary. Thess
points give the maximum value of Mp in each zoz_le: of ¢,
and can be regarded as the "bones" or "skeleton" of the °
boundary., In all cases R >1, with the equality being
by far the more common.

To obtain these points marked P, find, for each

practical value of ty, with %1 held at its minimum .

value in each zone, the maximum value of MR and the

corresponding value of A' for which R >1 in the set
L
. of contours, This 1s done by varying 5'2 at different

" 'values of tz. (SEE ALSO BELOW).
2) To obtain the points marked Q on the boundary, These

can be obtained by varying ]-1;'-1 in each zone between

y .
those values (of “ﬁ1) used to obtain the points P. For

each such value of %1 s Tind the maximum value of My
and the corresponding value of A'. for which R>1 in

each set of contours. In this process B, can be

varied by any specified decrement down to the minimum

one of, say, 0.5 inch.
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In obtaining the points marked P and Q, to should

be chosen such that, 1n any set of contours, the

maximum value of Mp and the corresponding value of A'

are obtained for R > 1.

7
- When the sections are in Class 2, t, 18 generally

at its minimum value for which R = 1 can be obtained; or

at its next lower value in the practical range with %
2

now at its minimum value and R>1. The alternative
which gives the greater value of Mp provides the points
P and Q.

When the sections are in Class 3 there is no
 clearly defined rule, and a simple trial and error

process should then be followed, checking the various

poesible values of t2, particularly near the minimum.

When t he sections are in Class 1, or tend to
approach this limit; great care should be taken because
of the discontinuity in the contour. In this case it
is recommended that %é be varlied around the value at.
Class 1 on the contour, thereby defining the limit

more clearly. This will rarely occur,.
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Thus in the process of cbtaining points P and Q

it 1s necessary to find that value of.g'2 on a contour

at'which R = 1 to a high degree of accuracy (say
)
R = 1,000000), S8ince By increases with R around this

value, a further programme was written, Programme No.

L
ABEL 3, to give this value of‘§2 on any contour and the
corresponding values of Mp and A'; this programme is

Saseé on successive approximation and the calculation
follows the process given in Programme No. ABEL 1&. |
Provision has been made to indicate whether the section
obtained is at or near the value at Class 1. In tyié

way all possible values of tp can be checked and the

maximum value of Mp obtained in each occasion.

3) To_obtain the points marked S on the boundary., These
points all lie on the contours passing through the points

L
P and @ and can be obtained by'varying'g2 above and -

below the values used to obtain P and § in all cases.
The intersection of - these contours will complete the
boundary in the recommended practical range, giving a
continuous profile. It should be noted that the points

S will have values of the Stress RAtio R above and
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below, but not equal to, unity in all cases.

4) To obtain the point marked M on the boundary, ' This
point ;_provides the minimum value of My in the recommen~

ded practical range.
" This canbe obtained by teking the minimum
value of t, for which R = 1 and, with t, and B, at

. L-
their minimum values, finding the maximum value of 31

for which R = 1,

This completes the Minimum Weight Boundary for the
recommended range of sectioms,

However, it is poesible to increase the value of

MR by drawing contours above the point P by reducing

%2 and choosing different values of t, up to the

~MAXo

maximum, In this range Mp will increase with A' much

less rapidly than in the recommended range, R will be
less than ui_xity, and the absolute maximum will occur

when t2 and _32 are at their maximum values., Such

values are not so efficlent, but do provide valid
sections. The efficlency in this range can best be
ralsed by increasing the maximum value of t4(or of B,);
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this presents problems in welding, but does suggest thét
practical research into the welding of thicker plates
would be useful,

Values of Mp below the recommended minimum value

at point M can be obtained by using inverted contours.

Here t, £ the minimum value as used for point M, %2 =

L .
maximum value, tp = minimum value, and E} is varied over

its practical range. Thesé sections, ho;ever, will
generally be wasteful since Poe will be considerably

reduced from its maximum velue of 10tons/sq. inch
because of lateral buckling; other forms of construc-
tion in steel will certainly be more efficient in this
range, e.g. lattice girders.

APPLICATIONS

There are two important ways in which the General
Method can be used :-
1) To prepare large scale charts and tables for use
in a structural engineer's design office.
2) As the basis for Automatic Design at Minimum Weight.
A special coﬁputer programme could now be written?
to give the numerical éngwers to Deeign Problems |

15,2, and 3 direct in any particular case.

160



Fl G 27.
M, M/N/MUM WEIGHT BOUNDARIES 2

W/
(SHEWING VARIATION OF f AT 4 GIVEN t5). O

40,000
] L=100; ty=17 K=/; A=/, /
/
£= S (min.) up to 26 (max poessmle -/
' /
/.
/
/
@
30,000 ™ ? /
‘T ®
¢
8 /
- /
3 /
3 /
X /L
Ny
200004 & / 0
g ’ /
5 /o
/ /
N \
2 /.
: s
/ L .
g . 0
/ .
' “ b
/0,000 1 ./ o’
/ 7”7~
e Pd
s -
/7 /o’ .
-  NOTE: A, B, & C.DENOTE
ol . THE CATE GORIES OF STIFFENING
Ky 20 -
Lz {""'b
gask - 25 } _Both in category A.
L
o \—B 26 2 1 'l | — nA
/00 200 J00 . 400 500 600 700

CROSS SECTIONAL AREA A’ (SQ.INS)

— . R —



MINIMUM _WEIGHT BOUNDARIES
(Showing Variation of t, at A

Given -L-). e oL/
19,000 MR o £/ .
’ : QI@/ N\
SN
oy Lot ks e " /
L-IOO;E—IO;K-I;?\-/; /&! >
17,000 fy= 0-4375"(Min.possible herg |
up to I-5(max) / // /
/)
[ r 1
15,000 A
I
/ /
/
’:? / /) -
8,000 | g /Q / Q‘}
< ;’/ v
X" /
11,000 | W / /’ /
L) ® . /
S / .
N ;)]
v /
& . [/ !
9000 |u 5,/ 1
1Y ) /
o ¥ ./ /.
s Syl 1
2 YAV
Y 72
7000 |3 Mim ! !
3 Iy 1/
/// /
7o) NOTE: A,B,8 C DENOTE
5000 o ! THE CATEGORIES
’ W OF STIFFENING.
/17 FI1G.28.
;) -
1000 y/ CROSS SECTIONAL AREA_A’ (sQ.wS) 4’

100 200 300 400 500 600



These will be discussed briefly here.
1) Preparation of Charts and Tables Examples of the

gharts which may now be prepared are shown in Figs.27
and 28, These refer to a span of 100 feet. |

Fig.27 shows the Minimum Weight Boundaries for
.different values of% while t3 18 kept constant at 1%,
while Fig.28 shows the boundaries for different values
of t3 while % is kept constant at 10. Only some of
the points marked P and the point marked M have been
obtained in each caée, though 1t 1s clearly possible
to insert more values as required.

These graphs could be supplemented by Tables
giving sectional identification, category of

atiffqning, Ppe? etece Such graphs would then provide

the full cross sectional dimensions of the plate girder
at Minimum Weight to withstand a given bending moment.
A choice could be made as to which category of web
stiffening should be used, realising that the self
welghte of girders will be increased by the weight

of stiffeners if used.
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Such charts will give the engineer a closer
understanding of his design, as he can readily see what
happens on passing along the boundary. This i8 a
fu.n&amental step, but, from it, all so;'ts of elaboré- |
tions az;e poésible to suite the. parti_.-cular requirements
of any est_gb:l_._ish:qgnt e.8. the effect of varying A and
K4 These refinements are outwith the scope of the_

. present investigation, but will be briefly dealt with

in Chapters6 and 7.

'2) Automstic Design for Minimum Weight; This appli-. -

cation is being explored fiurther by BERGSON (9). It.

is e_nv:l.sag_e_J that a speclal, all-embracing, computer

- programme could be compiled to g:l_.fe the sectional

dimensions of a girder at Minimum Weight to withstand
a given bending moment. It 18 very likely that the
errors in the proﬁgrtigs of a éqntoﬁr would now regﬁire
to be more critically appraised, |

Thus enguiries, even on the telephone, could be
answered very quickly. Indeed a steel stockholder
could. be -encouraged to keep adequate supplies of
suitable plate out of which the particular plate
girders could be fabricated, or the engineer, at a

very early stage, could place his order for material,
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This suggested programme would only give the
engineer a bare answer as compared with the use of the
charts described in 1) which would provide a 'feel'! for
the job. This answer would either have to be accepted
or rejected at 1ts face value, though any section could
be subsequently checked using Programme Nos. ABEL 1 or
1A.

These two basic applications could now be used ?n
a wide variety of ways, and these will be outlined in
Chapter 7. However before this is done the design
process must be completed, and this will be done in the
‘next chapter,
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ADDITIONAL EFFECTS

EPFECTS_INVOLVING A POSSIBLE CHANGE OF SECTION

It has been inferred throughout the inwestigation il

that the moment of resistance Mp, as restricted by

lateral buckling, is the main design problem in all

cases, and it was suggested in Chapter 1 that all the

other effects could be attended to once the basic

Minimum Weight Section, based on Mp being critical, had

been obtained.

However there are four effects which could render

. this section unsatisfactory, These are :-

1) The shear stresses (or compound stresses - see

B.S.449, Clauses 14c and 4, page 22) in the web

piatq-undér the total applied loading may exceed

the permissible values (See Chapter 1),

2) The maximum size of fillet weld required for the
flange to web welding may be insufficlently. strong.
(Pul1 péﬁetration butt welds;, however, would always
be satisfactory - see Chapter 1).
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3) The maximum deflection under the total applied
loading may exceed the permissible value (See gha?ter
1)

l4) The section or welding may not be sufficiently strong
to withstand any specified dynamic, impact, or
fatigue loadihg which may bs applied. In the case
of the welding, contimuous full penetration butt
welds will seldom, if ever; be critical in this |
respect. . _

If 1t transpires that these fbu: effects are not
critical, or if they can be attended to as suggested

above, there is no problem and the basic section can then

remaln unchanged.,

If, howewer, this is neot the case, then the
basic Minimum Weight Section wiil be unsatisfactory and
" must be changed, .This can best be done in the case of
items 1,2, and 3 by increasing 4, or t3’ or both, The

use of charts as illustrated in Figs.27 and 28 would
be most valuable, and the Minimum Weight §ection,'w1th
respect to all criteria, could then be obtained.
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In the case of item 4, it is suggested that an
approeach could be made by interpreting the dynamic load
as an equivalent static load in the first instance; and
then obtaining the basic section for this loading. It
is appreciated that this will not always be possible;
ﬁhere could be a problem here and there is clearly scope

fop further research.

It is now necessary to be able to find out the |
importance of these additlional effects in any gilven
case once the basic section, based on Mp being critical,
has been determined.

Critical Shearing Forces

A computer programme was written (Programme No.

| AEEZ 4) to give the values of S1 max., S2 max., S3 maX.,.
and 84 max., (see Chapter 1) for any given section;,
indicating which of these is the critical S maximum,

_. This programme was used to find the values of the
critical shearing forces for the sections shown in
figs.27 and 28. The reesults are shown in Table No.6.1,
‘and thesg-have been plotted in Fig.29. The &alue
marked W1tﬁ.thq asti;izzm;s S max. for each sgétion,'

. and these should be I!!F than or equal to the applied
shearing force.
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Deflection. The maximum deflection$ of the girder under

the total applied loading depends upon the magnitude,
distribution, and configuration of the applied loading
W, the span L, and the second moment of area I, (which

has alfeady been calculated).
Thus - & = £( W, L, I.)

vhere £ (W,L, I,) is generally a simple function.
Typical examples of ) are given in the Steel Designer's
Manual (10) for the more common distributions of applied
loading. A simple computer programme could be written
to give 5, and this value could be compared with %60.

However this wlll not be done here since the
distribution and configuration of the applied loading
have not been specified, and 1t would seem undesirable
to lmpose aﬁy such restriction at this late stage of
the Investigation.

-EfFECTS REQUIRING NO CHANGE OF SECTION

Web Stiffening.

a) Intermediate stiffeners, (vertical and horizontal).
. The output from Programme No, ABEL 1 indicates
which category of web stiffening, if any, is required

in a gliven case,
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Full details as to how the intermediate stiffeners
can be provided are contained in B.S.449 on pages 38,
49, and 50, On no occasion, howeve;, will this process
rén@er the basic section unsatisfactory, although the
weight of the stiffeners will affect the overall self
weight of the girder.

The efficient layout of intermediate stiffeners is
another problem, and this cannot be covered here,
though brief details as to what is involved will be
given in Chapter 7.

b) Bearing stiffeners. These should be provided on
plate girders in the proximity of severe concentrated
" loads in accordance with the instructions given in
BsS. L49 on pages 48 and 49,

The efficient design of bearing stiffeners is yét
another problem which could be profitably investigated.
Wélding, Much has already been written on this matter
in Chapter 1. However, if 83 and 84 are considerably
less than the critical shearing force 8p., or the
applied dﬁearing force, then it may well'be possiblen
to use a smaller size of continuous fillet welding,
or to use a certain amount of intermittent fillet

welding, if this is permissible.
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Intermittent fillet welding is generaliy
undesirable in this type of construction if severe
dynamic loads have to be withstood. Full details for
thé'deaign of such welds are given in the Steel | |
Designer's Manual (10) or in the Institute of Welding's
Handbook for Welded Structural Steelwork (11).

Welding will not affect the self weight of the
girder, but could well be an important item in

Minimum Cost Design.

FURTHER_EFFECTS

Notes on Ky andA. K, 1s a function of N (Table 5

of B.8.449), and throughout this work has been held
at the constant value of unity. This implies that
the cross sectional dimensions of the flanges of the
girdop'in each case are constant throughout the span;
or can be varied slightly provided that N > 0.8,

It should be noted that K, is independent of the

web plate dimensions d and t3; ts in particular could
be varied along the span without affecting P
thereby achieving a saving in weight, though care
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should then be taken to ensure that the necessary
welding aﬁd web stiffening can then be provided at any
. such change. In this case the §hsar1ng Force Diagram
and the pgnding Moment Diagranm will now be required.
fhe effective length of the compression flange
is 1 = A.,Ig, where L is the span. The value of 1
depends on how the ends of the compression flange are
restrained, and whether any intermediate lateral
.supports have been provided. Here A hes been held
' constant at unity.throughout, indicating that the
girders are restrained only at the ends of the bbang
‘both laterally and torsionally, but not rotationally.
Provision has been made in the computer prégrammes

for K, and A to be varied; this will be discissed

in the next chapter.
Comparison with.the Bridge Specification B.8.153.

The design procedure used throughout the

;nvestigation has been-based on B.S.4L49 aB 1ndicated;
in Chapter 1. However it is worthy of note to realise
'thaﬁ; certainly as far as welded mild steel plate
girders are concerned, there is a very close

agreemeﬁt between the two specifications; so that
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most of the foregoing work could readily be made to
apply to bridge girders.

One prominenﬁ difference is the reguirement for
fatigue loading stipulated in B.8.153 yet not in
B.Ss4k9. It would be essential, however, if thig
pecémmendatipn is pursued, to inspect both
Specifications capefully to see what other differences

do exist.
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CHAPTER 7

SUGGESTED FUTURE WORK

A Geﬁeral Method hgs now been devised for the
Minimum Welght Design of mild steel, welded, plate
g;pde?s having a constant I section and supported

laterally and torsionally only at the ends of the span.
| However, it was pointed out in Chapter 1 that
this is a fundamental step; such a glrder can be
regarded as a datum, on to which all sorts of
practical complicatioz_m and refinements can now be
added as required. Indeed the basic concept of the
contour or the inverted contour as the unital element
can now be applied to a wide variety of practical
proklems, not only with regard to Minimum weight, but
also to the formation of other Idesi_gn boundaries.
The "properties of a contour will be very important
in this context,

A l1list of possible follow-up work will now be

glven, and some of the 1tems will be discusesed brieﬂy."iz:fg-'
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1,
2,

3e
k.
5e

e
8.
9.
10.
11.

12.
13.

14,

15.

16,
17.

Suggested Investigations

Minimum Cost, or other criteria for efficient design.,

The Use of Other Codes of Practice, (British and
foreign).

Comparison with other forms of construction.

Feasibillity studlies for unconventional sizes.

The use of High Yield Steel.

Riveted construction.

Box girders.

The effect of lateral supports,

The use of non uniform sections.

The efficient layout and design of web stiffeners.

The effect of changes in the Codes of Practice or |

in the basis of design, (e.g. Use of Plastic Theory).

The allowance for self weight.,.

Shop faﬁrication of the girders - lmprovements in

techniques and in the use of the girders.

A detailed study of P’ deflection, errors, static

and dynamic applied loads, compound stress, and of
the entlre welding process,

Automatic design and the preparation of design
office charts,.

Crane gantry girders.

Composite construction,
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Discussion. Not all items in the list will be covered.
1 Minimum Cost or other criteria for efficient design.

- These have been discussed in Chapter 1, and further
information has been provided by Messrs. Dorman Long
and Company Limited, as given in Appendix 1, All the
items on the list could be tackled on the basis of this
" or any other design cr;teriaﬁ,
2, The use of other Codes of Practice(British and Poreign)

When R > 1, the contours will be linear no matter
which Code of Practice, from any country; is used. Most
of' the other properties of contours as given in ghapfers
3 and h.will also apply, though there will naturally
be different numerical values.

It would therefore be possible to cpméare on a
cost or weight basis; various designs of girders
manufactured in different countries to see how compet-

itive the products from any one country might be.

4. Peasibility studies for unconventional sizes.

it is suggested that plate girders could carry
greater loads over longer spans; exceeding all the
present ideas of maximum ‘dimensions,

The methods developed in the Investigation,
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are particularly suitable for large, deep, girﬁers, and
the efficlent design dimensions could be obtained and
the resulting practical engineering problems analysed.
The steel manufacturers and welding technologists could
then be presented with spgcific problems with a clear
incentive to obtain a solution. Such large; long,
girders would normally be unsuitable for resisting
wind vibrations on exposed sites,

8, The effect of lateral supports,

As ;L is reducea from unity down to zero; R
increases for all points on a contour; so that more of
the contour becomes linear; until; in many cases, the
entire contour will become linear, There 18 no dis-
placement of the straight lins as A 1s varied - only
the location of the point at which'R =1 18 altered,
though still along the same straight line. The value
of Mp wl'_xere-I,l_l = 1 1ncreases as 1 reduces and vice

verga.

Lateral supports have the effect of reducingjt —
and therefore of improving the efficiency of the
design., This type of investigation can be readily
carried out using contours and the computer

programmes already compiled.
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When ;\ is increased above unity, R decreases for
all points and then more of the contour becomes non
linear,

9, The use of non uniform sections,

The flanges or web plate could be reduced in
cross sectional area in an endeavour to achieve economy,
though this attempt would be offset by the extra cost
of workmanship. An investigation of this effect would
be useful, extended to deal with large cut-outs; holes,
splices, connections, tongue plates, and haunched ends,

etc.

10. The efficient layout and design of web stiffeners

The stiffeners can have various types of cross
sections, and it is posaible to use either heavy
sections spaced well apart or lighter sections closer
fegether, thus proeviding a large number of valid
solutions. These could all be investigated in terms-
of Minimum Weight or Cost, or any other criterion.

A detalled comparison of the overall self
welghts of the girders in the four different cate-
gories of web stiffening could then be carried out,
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13. Shop fabrication of the girders - improveménts in
techniques and in the use of the girders.

It is suggested that the steel manufacturers could
produce the necessary plate and fabricate the welded
sections including stiffeners in two closely related
operations, supplying ¢lients with efficient built-up
beams of specified spans and loading. The scantlings
of the sectlons required could be speedily obtained
using an automatic programme or charts.

' These could replace rolled égctions, and there
would be no need to stock the various sizes of plate
which could now be rolled to closer decimal tolérancés
on thickness by adjusting the rollers in the mill.

An adjustable jig could be cqnétructed for the
handling, fabrication and welding of the girders.

It would appear that this process would be
particularly suitabie for larger sizes - the girders:
would be precision, factory made products, and these
could be erected in inclement weather; competing

with prestressed concrete construction; etc.
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15. Automatic design and the preparation of design
office charts.

These have been discussed previouély in Chapter 5,
though it may now be appreclated why these have not been
carried out by this stage. There is clearly a need for
consultation with various bodies as to what 1ﬁformation
the computer programme or charts should provide;
different establlishments will have different require-
ments involving many items given in the list; or
perhaps not even thought of yet by the author,

Nevertheless in all cases the baslc approach
has been clearly described in the thesis; to be used

as required.
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APPENDIX NUMBER 1.

DETAILS OF PRACTICAL SIZES AND PROCEDURES, AS
PROVIDED BY MESSRS, DORMAN IORG (Bridge and’
Enginsering) Ltd.

The author sent off the following questionnaire:-

. In order to carry out a detalled investigation of
plate girders by computer, I would be very grateful if
you would answer the following questions, the answers
to which will ensuré that only practical sections will
be considered.

L

. 1. The variation of span/depth ratio D ,; giving upper

and lower limits. Also please give the maximum
span and the maximum depth for HiY. and M.S.

L
2, Span/width of top flange B, » upper and lower

limits,

L
3. Span/width of bottom flange J » upper and lower
limits. 2

4o Minimum and maximum thicknesses of :-
a) Top flangs t4.
b) Bottom flange to.
c) Web plate ts3.

5, Limitations on sizes of fillet welds to connect
" flange plates to web, Please give maximum and
minimum size of fillet welds and relate these to
ty» ts and t3. Are staggered welds permitted for

this work?

6. Any details of flange curtailment procedure, €.g.
how many times would you curtail the flange and 1s
there a relationahip between adjacent flange
thicknesses?
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7. Do you-use longitudinal web stiffeners -
- a) Alone? -
or b) With vertical stiffeners? .

8. Will any of your answers to questions 1 to 7 be
affected by using high yield steel rather than
mild steel?

If the answer is yes, please give details.
- — —— — — ————————— — ———— ———— —— ——————— —————— ]

The following answers were received :-
1. m.. §PAN _Ho¥o_So and MQSQ

120 ft. could be regarded as a reasonable limit -
a good many gantry girders of this span have been
made in recent years - though glirders of larger
span can be built if suitable arrangements are
made for manipulating during welding and for
erecting. The span applies egually to H. Y.8,
andMS.

2'. DEPTH HYSo andMQSe_

192 ins, _This however is very dependent upon
method of fabrication. If the job contained a -
1arge nnmber of 1dent1cal girders it would be -
worth building a manipulator in which to
fabricate the girders and, provided the flanges
did not require to ‘be.  too thick; the tendency
would be to restrict the depth to a maximum of
150 to 160 ins.

' L
3. THE VARTATION OF SPAN/DEPTH RATIO p GIVING
UPFER AND LOWER LIMITS,

1
T2:1 to 30 : 1

' L
L. SPAN/WIDTH OF TOP FLANGE B, UPPER AND LOWER
LIMITS. _
12 ¢ 1 to 50 : 1 Crane rail fixings often

dictate the width of
flangee of short span
gantry girders.
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5e SPAN/WIDTH OF BOTTOM FLANGE B2 . UPPER AND IOWER.

LIiITS. : _
. . \

20 3.1 6o 50: 1 a .

The bottom flange may be thrown into compression '
when erecting, so that it is generally prudent not
to make it too narrow if the span is large. ,

6. MAX. and MIN. THICKNESSES.

a) Top-Flange t, 4" to 3/8"
b) Bottom: Flange tj 4 to 3/8"
) Web Plate t3 say 1.12'_' to 1/4"

Web platesthicker than 1" are not frequent and
usually occur in shallow girders. If the flange
plates of deep girders are thick (e.g. 3" to 4')
tongue plates would be most likely ue=d in order
to avold a disparity of thicknesses at junctidn
of web, and flange.

7. LIMITATIONS ON SIZES OF FILLET WELDS TO CONNECT
F1@. PLS. TO WEB. MAX a.nd MIN, SIZE‘T' RELATE
T0 t4 t2 and t30

Weld sizes are highly variable and apart from the
general rule that minimum or maximum welds should
be commensurate with the thickest and thinnest
material joined together,; no very. defined pattern
can be given,

As a guide to ensure welding is commensurete with
‘thickness (e.g. to avold cracking because of too
rapid heat dissipation if small welds are used on
‘thick material) Table 18 of B.S.4L49:1948 is.
useful, viz,,
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Minimum Size of Fillet Welds -

]Thickness of 378" up to and over 3/4" Over
Thicker part including 3/4" | up to and in- 1 1/
cluding 1 1/4"
Minimum size 3" A 2.7
of fillet weld 16 L 16

Since 1948 much more welding of plates upwards of
2" thick bar became common practice. Fillet
welding, however, demands that the componcnts fit
closely together without gaps (é.g. flange plate
must abutt on web all along 1ts length). Recently
a deliberate_gap (by inserting a copper wire) was
recommended for fillet welding a very high yileld
steel,no doubt to allow contraction to take place
during the process of welding. To achieve this
condition it becomes necessary to machine the
flange plate 1f the thickness is too great for
mangling flat; in this event it is generally
preferable to abandon fillet welding in favour

of butt welding, »

Two further considerations influence the use and
size of fillet welding S
(a) cost rises steeply if each fillet cannot
" be lald in one run: the maximum one-run
is 5/16" Laid in horizontal position,

(b) the size of fillets should not be too
reat for the thinner element welded
e.g. the web in the present case)
otherwise burning and 'blow' through'
may °c cur.-- . . - oy . e - P .
Bearing in mind the various points mentioned above,
a ‘reasonable general guide would be as follows:
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Flanges 3/8" to 3/4" Minimum Fillet Weld 3/16

3/4 to 1 1/L " 1/4
11/4 to 1 3/ " 5/16
1 3/4 to 2 1/2 " 3/8

These provisions to be modified for special types of
girders such as gantry girders, girders having heavy
loads on top flanges, etc,

Webs: Aggregate throat thickness of two fillet welds
not to exceed thickness of web.

(For’ Welding of Gantry Girders, please see separate
notes forwarded previously)

Welding would also require special consideration if
forces on the girder are likely to cause ‘fatigue®s
butt welds would be used._ The welding of Autofab
Beams is in effect deep penetration fillet welding
by an. automatic process in whigh two welds, one to
éach flange, is lald limultaneously, the girder is
then turned over and the other two welds are 1laid,
For web plates up to 3/8" thick complete penetration
can be achieved thus providing the equivalent of a
butt weld.

8. Flange Curtailment

If a flange can readily be obtained from the
mills in one piece and is not too long for satis-
faetory transport, resort to curtailment would not
generally be made,

Reference to pages 30-32 of the D.L. Handbook will .
shaw however, that the maximum 1ength of thick platea
obtalnsble is 1imited; e.g. a plate 30"x2 1/4" is
limited 'to LOft., - if therefore a girder say 70ft.
long required at the centre 30x2 1/L flange plates,
the designer would check whether'curtailment was
permissible at each end of a LOft length or less,.
depending upon the bending moment diagram and if
permissible, he would introduce thinner flanges, say
30x1 1/2, at the ends. Doubls at preparation would
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8 (cont'd).

be’ adopted for the butt weld of 1 1/2" _thickness and

the 2 1/ plate would be chamfered to.a slope not

exceeding 1 : 5. The chamfering is 1ntroduced in order
, to reduce stress

) concentrations and
: T promote more even

1C ip stress flow. To
may vary from 1,2Ty

to 1,674 generally.

" Please refer also to my previous notes on.
curtailment.

9. Do you use longltudinal web stiffeners

alons ' - " No
b with vertical 8tiffeners - Yes

10. Will answers to 3 to 9 be affected by using H. YoSo

" No except that deflections and stability must be
watched more carefully; also allowable stresses ih thick
material,

In addition the following information was also
given, _ S
Notes on Welded Plate Girders

Generally, plate girders fall .into two eategeries,
those reguired to support a system_ of primary beams, _
plus perliaps a relatively small proportion_of directly
applied load, and those which are to function as gantry
girders or are required to support highly cencentrated
loads on the. top flange. , . _ o

-l

flanges to web.1is, a8 a rule, not sub;eet to transierse.
and vertical ferces so that fillet welding will usuaily
euffice and, provided the flanges are not made/
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excessively thick in relation to the web, resort to
tongue plates need not be made,

It will be evident therefore that girders of
considerable depth (e.g. 3ft. wide flange, 17ft. deep
x 130ft. span) and span can readily be made from three
plates. The web plate in large girders would possibly
consist of plates butt welded together at mid-depth and,
depending upon span, butt welded vertically either at
mid-span or say 3rd polnts of span (in the latter case,
thé middle third may be thinner than the two outer thirds),
The flange plates in a large girder are likely to have
a large area and hence rolling and machining limits may
dictate that each plate be formed from two or more plates
butt welded; 1f more than two, advantage would be taken
of the opportunity to reduce the thickness of the two
outer portions Fig.I. This method, generally, is
preférable to adding curtalled plates by fillet welding
one plate to another as in Fig.II.

Fheoretically and practically the stresses in the
‘'welds are very high at each end of the curtalled plate
and to reduce this effect as far as possible it is
necessary to taper the curtalled plate Fig.III. In
addition, web to flange welding tends to arch the flange
plate Fig.IV; hence, unless the flange plate is pre-set
s0 as to become flat after welding, there may be a
gap at the edges of the curtailed plate making fillet
welding suspect.

H Schools of thought vary as to whether stiffeners
may”be welded to the flanges (especially tension
.flangesz - some say it is permissible both 'with' and

across the grain of the flange material, others say .
itiis',permissible only 'with' the grain (i.e. parallel
to‘the length of the flange.) I think the investigator:
is right who argued that it 18 equally dangerous or
equally permissible to weld ‘'with’ and/or 'across’
depending on whether the welder is careful or is not
careful to avoid notching the flange. Very often
concentrated loads, eccentric loads and the like
make it imperative to weld to flanges, though I think
it 1s good practice to avoid welding to the tension
flange (except at bearings) whenever possible.
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In practice stiffeners welded to flanges add to
" torsional stiffness of the girder,

FLANGE

- —
]
FI,IT o FIGIII

FieZIv
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and other dynamically loaded

q1rderé

A nnmber of failures of gantry girders by cracking
or fracture of the welding joining the top flanges to
the web have been reported from various parts of the
country,

This welding is subject to a rather complex
combinstion of forces viz.

(1) Horizontal shear.

(2) Transverse forces, particularly where there
ie no surge girder, or where attachment of
surge glrder 1is badly maintained. -

(3) Vertical forces from crane wheels.

(1) can be calculated in the ordinary wﬁy
from flexure formula.

(2) is due to surge, any out of alignment
of cranes or gantry, etc., and may

produce a tendency to rotate the

top flange about the axis of the web.

(3) although the flanges are clamped to web,

' while either welding or tack welding,
the butt is not absolute and cannot be
relied upon to function in direct
bearing. This means that local loads
from wheels are transmitted via the
weld to the web and therefore subject
to severe local stress as well as
fatigue °

Arising from these points designers should observe
the following recommendations.
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(1) LIGET DUTY GANTRY GIRDEES,

(2)

" This category includes workshops and other’
gantries where the crane is not part of the actual
production cycle, :

(a) Machine welding should be used as far as
possible,

(b) Pillet welds may be used if the size of
fillet can be proporticned to take -a
combination of the local effect of the
wheel load as well as the horizontal and
transverse shear stresses due to flexure
and surge; also the fillet welds should
be returned around the ends of the girder
to form a continuous weld.

(c) The web may be required to be.thicker than
the minimum called for in the design of the
web 1itself,

(d) gtiffeners should be welded to the top
flange as well as the web and, where
necessary, supplemented by shorter
stiffeners not extending the full depth
of the web;

(e) Surge girder and diaphragm attachments
should be by rivets or high strength
friction grip bolts properly torqued,
or other device in which attachment is
unlikely to become loose. This applies
also to attachment of cerane rails,

(£) Fillet welds will be adeqguate for
attaching the bottom flange to the web,
but may need to be increased locally at
the bearings.

HEAVY_DUTY GANTRY GIRDERS.

This category includes cranes in steelworks
and in similar plants where the crane forms part
of the production cycle and is therefore in
continuous operation,

L
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(a)
(v)

(e)
(a)

(e)
(£)
(a)

(n)

Machine welding is preferable for securing the flange
plates- to--the web. - -

Full strength welds with U preparation of the web to
ensure full penetration over_the thickness of the web
plus some reinforcement, in some cases 1t will be
necessary to consult the shops in regard to distort-
ion control. The welds should be 'run off' in order
to avold notch .effect at the end.

Web thickness must be commensurate with the welding -
required and, if necessary, tongue plates introduced.

In order to provide against the effects of fatigue,
it is suggested that the stress should be reduced
by a percentage of the normal permitted stress,
depending upon the Job. The attention of the Chief
Designer to any particular Job, however, should be
drawn before proceeding on the basis of a strcss
reductlon,

Additional short length stiffeners should be provided
te minimiee the rotation of the top flange. '

'Rubber' mountings under rails reduces the effect of
impact and, in some cases, may be recommended,

Speclal attention to security of attachments should
be given as in the case of Light Duty Girders
mentioned apove.

The welding of the bottom flange to the web will not
need the same size of welds though special attention
should be given at the bearings.

Where clients specify thelr requirements the

drawings should be followed and quantities taken off
accordingly, unless it 1s thought that the client should
be advised to make modifications, particularly to the
welding.
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APPENDIX NUMBEB 2

LIST OF SEEGIAL COHPUTER PROGRAMMES

(These have been written and tested by A. BERGSON (9),
using the information contained in this thesis which
has been obtained or devised by E. LITFON., Full details
of the programmes will be given in Bergson's thesis).

Programme No, Title or Description

ABEL 1. The basic programme to obtain MR’ Ppo?
A', fpor fpte R and %& for a given
section,

ABEL 1A. Modified version of ABEL 1, giving

greater accuracy in R.

ABEL 2. Critical Values of Bg.

ABEL 3. A programme based on ABEL 1A which
' finds that section on a given eontour
at which R =

ABEL 4. Critical Shearihg Forces,

e '-u.r,.'_p_
(@
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