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NOTATION

a as length of plate or panel

a. s numerical constant 
ran
b as width (or depth) of plate or panel

c = numerical stress (or force) factor

EP » flexural rigidity of plate

= E t3

12 (1 -

E = Modulus of Elasticity

i = an integer

I = Second moment of Area (for stiff ener)

K a Coefficient of Stability

K a Coefficient of Stability In Shear
8

m, n as number of half -waves 

H1 , N s Normal Forces
V/ iAt

t s= plate thickness

T ss Work done by external forces

7 as Internal Strain Energy

w & lateral deflection of plate

x, y =s co-ordinates

= aspect ratio = a/'

E I E I 2 1 0. 92 I
« relative rigidity s —— ss — =• .12(1 -L; ) = —— = —

Db EfT> ' bf5

sr Area-Ratio = Cr°ss°se©tional area of stiffener ________
Crosses ectional area of clear depth of platej

plate deflection.! mathematical symbol, 

s lateral deflection of plate| mathematical symbol 

LJ as Poisson's Ratio = 00 3 for aluminium 

O (^ = Normal Stresses 

£" ( "C. cr = Shear Stresses



SDMHAET

The problem discussed in the following thesis is tiiat 

of the effect of stiffener dimension on the buckling of v/ebplates 

subjected to bending. In Chapter one the problem of buckling is 

introduced generally and various examples of the use of 

horizontally stiffened webplates are mentioned. The theoretical 

background to the problem of the stability of plates both 

stiffened and unstiffened is contained in Chapter (2) together 

with reference to the advantages and disadvantages of various 

stiffener positions. Chapter (3) contains an account of a 

number of experimental investigations carried out on plates 

and girders with problems of stability relevant to the present 

problem. The various methods of examining these problems are 

also illustrated in Chapter (3)»

The phenomena of plate buckling is discussed in 

Chapter (4) together with the various methods of measuring the 

buckling loade The physical changes caused by buckling which 

are used for the purpose of measuring the buckling load are 

discussed and the best possible arrangement of apparatus for 

performing the measurements are also suggested in this chapter. 

In Chapter (5) the procedure adopted for testing is discussed 

and the use of some of the methods of measurement discussed in 

Chapter (4) are illustrated. Here also the aims and objects 

of the experiments are stated.

The results obtained from the experiments are discussed 

in Chapter (6). Discussion is first centred upon the results 

obtained from plates with double-sided horizontal stiffeners,



starting with stiffeners at the fifth depth position and going 

on to stiffeners at mid-depth and those at the quarter <iepth« 

Later in this chapter the results from plates stiffened on one 

side only are surveyed in a general manner and this is followed 

"by a comparison ioi behaviour between plates stiffened horizontally 

on both sides and those stiffened horizontally on one side only. 

The section on non-destructive tests is concluded with an 

examination of the effect of varying the rigidity of the double- 

sided vertical stiffeners,,

As a preface to the section of Chapter (6) devoted to 

tests to failure, a study was made of the deflection contours 

produced in two of the girders when under loade The purpose 

of these contour tests was to enable the positions of. the 

buckle--crests to be pin-pointed in order to fix strain gauges 

in the appropriate positions.

As a result of the contour plots, positions were 

fixed for the strain gauges for use during the failure tests 

and the layouts are shown at the beginning of the section of 

Chapter (6) on destructive tests. The results obtained from 

the strain gauges illustrated the development of the stresses 

and strains in the girder and allowed a study of the post- 

buckled behaviour of the girders to be made a

The results obtained gave information on the behaviour 

of girders initially plane and girders which were subject bo some 

initial imperfections,, These results threw some interesting 

light on the comparative behaviour of the girders in these two 

states»



Prom the development of the stresses and strains in 

the post-buckled region, an appreciation of the factors of 

safety for the girders -was made and this was used in Chapter (7) 

to build up design rules for limiting stresses in the girders. 

Rules were also built up in Chapter (7) concerning the rigidity 

and positioning required of the stiffeners. These rigidity 

values were based upon the results obtained in the first part 

of Chapter (6) 0 Chapter (7) also contains a general discussion 

on the form of stiffening required for girders subjected to 

combined shear and bendingo

In Chapter (8) a survey was made of the conclusions 

obtained concerning the beasv^our of stiffened girders subjected 

to pure bendinge These conclusions mainly concerned the size 

and position of the stiffeners required, the permissible depth 

to thickness ratio for the plate girders and the maximum 

permissible stresses,. Some conclusions were also stated concerning 

girders under combined shear and bending and suggestions were made 

for additional work with this type of stress structure.

A detailed list of the references contained in the text 

was used to complete the thesis.



CHAPTER I) - INTRODUCTION

The main «"i™ of the Structural Engineer is to ensure 

that any structure erected will withstand the maximum load it 

is likely to be subjected to in service| it is also essential 

that the design should be economical in cost and in use of 

material, and that it should have aesthetic valuec A design 

can only be as progressive as the design specifications allow, 

and it is only through research that design procedures can be 

improved0

Plate girders are used expensively in Structural 

Engineerings, for sections which are too large or too compli 

cated to make use of rolled sections,, The problem of design 

ing plate girders is complicated by the tendency for the 

webplate to buckle in compression0 This can occur under the 

action of shearing stresses due to diagonal compressions and 

it can also occur due to compressive bending stresses » It is 

worthy of note that the problem of shear buckling of stiffened 

and unstiffened webplates has received wide treatment j a 

result of the problem" s more critical nature 0

The problem of buckling due to pure bending stresses 

has, however, received scant treatment, especially for the 

case of stiffened plates 0 In this thesis an examination will 

be carried out of the buckling and post-buckled behaviour of 

stiffened webplates subjected to pure bending stresses,,
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Reference will be made to experiments carried out on 

plate girders, under the action of pure bending stresses. The 

type of girder used in the experiments is one which has a 

relatively thin webplate, and hence a high depth to thickness 

ratio for the web* This type of plate girder is used since it 

is the most efficient in use of material under pure bending. 

This is so because the greater proportion of the sectional area 

of material used is concentrated at the flanges where the 

stresses are largestj little of the material is positioned near 

the neutral axis, of the girder, where it would be wasted due 

to the relatively low stresses acting.

Girders with thin webs and thus high depth to thick 

ness ratios mean a saving in weight, especially where the depth 

is large» This saving in weight becomes important when plate 

girders are considered for use in long span bridges. At the 

same time, however, a thin webbed girder is susceptible to 

lateral deflections, and so either a way must be found of 

limiting these deflections or the use of thin webbed girders 

must be restricted,

When a plate girder is subjected to load, the web 

begins to deflect laterally, the lateral deflections increasing 

uniformly up to a certain point, whereupon, an increase in the 

load produces a marked increase in the rate of deflection. 

This load is known as the "Critical Load" and the phenomenon is 

known as "Instability", The critical stress of the plate is 

then the maximum stress acting on the plate at the Critical 

Load which, for a plate subjected to pure bending stresses, is 

adjacent to the compression flange„



When the load on the girder is such as to produce a 

uniform bending stress across the section, the plate deflects g 

or buckles, into a series of vertical waves, the length of a 

half wave being approximately equal to half the depth of the 

section. Thus vertical stiffening is not very effective 

unless the stiffeners are placed close together, which is 

undesirable from an economic as well as an aesthetic point of 

view. Under these loading conditions the best way to prevent, 

or limit, buckling under the action of bending stresses is to 

use horizontal stiffeners«

The form of instability most familiar to engineers is 

that of a simple strut. In this case the strut fails, as a 

load carrying member, due to the collapse of the strut, at a 

load near the critical value 0 This is not generally the case 

with plates which are supported on all four edgesj in fact use 

has been made in the aircraft industry of thin plates that 

repeatedly carry many times their initial buckling load.

Civil Engineering practice, however, dictates that 

structures should be maintained in service for very long periods 

and not subjected to such rigorous periodic checks, as is the 

case in Aeronautical Engineering Practice. Thus it has in the 

past been considered inadvisable for plates to buckle under 

service conditions e This was achieved in previous design 

methods by limiting the depth to thickness ratio of the 

webplate and the maximum allowable stresses, which meant that 

the greater part of the material in a girder was subjected to 

stresses well below the elastic limit, and thus it was not 

being efficiently used.



In order to improve designs and to obtain informa 

tion on the post-buckled behaviour of plates, it is necessary 

to know the behaviour of webplates under all types and 

magnitudes of loadingc As has already been stated, the 

behaviour of stiffened and unstiffened plates subjected to 

shear is already reasonably well known, since the theoretical 

limit of stability is lower in shear compared with the same 

plate in bending and hence the more critical problem has 

received wider treatment e

In long plate girders such as appear in bridges, the 

stresses in the central region, due to the weight of the 

bridge, which is the greatest load carried by the bridge, are 

mainly bending stresses 0 It is therefore convenient for the 

purposes of analysis to consider this region as being 

subjected only to bending stresses and to ignore initially 

the shearing stresses which exist„

When the Grasse River Bridge^ ', constructed of 

aluminium, was built in 1946, the problem of web buckling 

under the action of bending stresses was brought to the fore. 

The stiffeners were restricted to the central region of the 

span, and were located in the compression half of the web c 

These stiffeners were used although there was little or no 

experimental evidence of their effectiveness, the only analyses 

available being theoreticale The specification under which 

the above bridge was designed permitted an increase in the 

allowable depth to thickness ratio of the webplate where 

horizontal stiffeners were used, and gave formulae based on an 

approximate analysis for the design of such stiffeners.
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Further advances in the use of plate girders were 

shown in the recent construction of bridges of this type in 

Germany ' and America^ '• In the German bridges large 

spans were usedj, up to a maximum of 675 ft«, and a maximum 

depth to thickness ratio of 487 to 1 was used0 In the 

American bridges similar proportions were used0 All these 

figures compare favourably with the standards fixed in some 

countries, where the maximum allowable depth to thickness ratio 

is as little as 170 to 10 In the case of the German bridges

the designs were based on the German specifications DIN

( which were evolved mainly from the work done by Ghwallav

At present the standards in this country for use of 

plate girders are being adjusted, to allow for the use of 

horizontal stiffeners in certain cases c Restrictions are 

still made on the depth to thickness ratio and the maximum 

allowable stresses and very little scope is given to the 

designer to use plates in the post buckled range.

In the present investigation, by examining the 

theoretical background and the experimental investigations 

directly and indirectly concerned with stiffened webplates in 

pure bending, an attempt will be made to obtain a clearer 

picture of the behaviour of plate girders e The experimental 

results obtained will be based upon the physical changea 

caused by bucklingo It is hoped that a clearer understanding 

of these changes will lead to greater accuracy in gauging the 

load-bearing properties of stiffened plate girders.



- 6 -

CHAPTER (2)

EXISTING THEOBECTICAL ANALYSES OP THE BUCKLING OF FLAT 

SEPTANGULAR PLATES - STIggENED AND UNSTIFffENED

2.1 Methods of Solution 

2.1.1 General

The problem of elastic stability has been the subject 

of much discussion by a large number of investigatorsa However, 

before any consideration is given to the individual efforts of 

these writers, the problem should be considered as a whole.

The available methods of solving the question mathemat- 

cally are limited to those covered by either the energy theory, 

successive approximations, or a method of finite difference. 

Over the last forty years these three methods of approach have

been used to solve problems of elastic stability.

(5) The energy theory method was first used by Bryanx ,

who applied it to the stability of a plane plate under thrusts 

in its own plane 0 He used the energy method principle, as a 

starting point, to obtain the differential equations, upon which 

the theory of the buckling strength of flat plates is based.

The method was later developed by Eitz , Rayleigh^ '
/ o\

and Timoshenko , who conducted their investigations on some 

what similar lines e It was Timoshenko who developed the energy 

method principle, extending the analysis to obtain approximate 

solutions for the buckling of unstiffened plates, with simply 

supported edges, subjected to Compression, Shear and Bending

and for various combinations of these stresses. He also analysed

(9) the buckling of stiffened plates in Compressionx .
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In all cases Timoshenko found that the critical 

buckling stress for a plate could be represented by the equation*—

CJ' ETT 2 E ( t ) , v 
« = 12 (I-// 2 ) ( b )2 ' W

where C) ss critical buckling stresa cr

E s Young8 s modulus 

i/ * Poisson*s Ratio 

t ss plate thickness

b s clear depth (or width) of the plate 

and K s. a constant, known as the buckling

coefficient, which is dependent upon the 

superficial dimensions of the plate and 

the type of stress system acting,

In the field of shear buckling, Timoshenko's results 

have been scrutinised and adjusted by various investigators. 

In 1924 Southwell and Skacr ' obtained an exact value for the 

shear buckling coefficient of 5«34 for the case of an infinitely- 

long plate, sijaiply supported on all its edges, and in 1933 

Seydel* ' obtained an accurate value of K =E 9*34 for the 

case of a square plates In more recent years an examination

of anti-symmetrical buckling patterns, in addition to symmetrical,

(12) by Stein and Neff* ', has shown that in some cases lower critical

load values are obtainede

The results of these investigations have shown that 

for plates simply supported on all four edges the shear buckling 

coefficient (K ) varies with the aspect ratio («<), for the
S

plate, in a parobolic manner given by equation (2)«
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X

FIG. I. SIMPLY SUPPORTED RECTANGULAR 

PLATE UNDER COMBINED BENDING 

AND COMPRESSION
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SIMPLY SUPPORTED "•

FIG 2. VARIATION OF THE COEFFICIENT OF STABILITY ftp WITH 

THE ASPECT RATIO (oc). FOR TWO SETS OF BOUNDARY 

CONDITIONS, WHEN THE PLATE IS SUBJECT TO PURE 

BENDING.
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where

a =. length of the plate

b * width of the plate

For the more difficult case of a plate, in shear, 

clamped on all four edges, an exact value of K = 8»98 has. 

been given by Southwell and Skan^ ' for an infinitely long 

plate» This problem was also investigated, for several aspect 

ratios, by Cox^ , who used the Ritz method, and Iguchi^ ', 

who used a series method, to obtain approximate solutions for 

rectangular plates 0 The more recent investigations of 

Budiansky and Connor/ » differ quite substantially 

from those of Cox and Iguchi, In their analysis Budiansky 

and Connor used the Lagrangian multiplier method to determine 

the upper and lower limits for the buckling stress, thus 

resulting in greater accuracy for the plate factor K«

The buckling of plates under non-uniform longitudinal 

compression stresses (see Fige l) has been treated by Timoshenko 

for the simply supported case, giving results for a large number 

of aspect ratioso The effect of this type of stress system, 

when the unloaded edges are clamped, was investigated by Wolke^ ' ', 

using the Ritz method of solution* A comparison of the results 

for simply supported edges and clamped edges, as obtained by 

Timoshenko and Nolke, (shown in Fig0 2), illustrates the marked 

increase in K obtained by clamping the edges,



kmm

0-5 i-o 2-0 2-5 C

FIG. 3 VARIATION OF kMIN WITH STKESS FACTOR C
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Recently, Kollbrunnerx °*'"'/ has published a summary of 

a number of theoretical papers giving the variation of K with a 

iorce or stress factor c, where c is given by the equation

H = N (1 - c
3L O

•where N = force at a point y = x

N * force at a point y = o 
o

b s breadth of the plate 

and c s. numerical factor

The value of c can be adjusted to give stress distribution 

ranging from pure compression (c =. o) to pure bending 

(c s 2) and beyond, Kollbrunner* s curves for various edge 

conditions are shown in Fig. 3»

In an actual structure the stress systems are neither 

pure shear nor pure bending, but are usually a combination of 

shear and bending. Both Stein^ ' and Timoshenko^ ' have 

published papers showing inter-action curves between the 

critical longitudinal stresses (O ) and the critical shear 

stresses (77 )• Generally it was found that the inter-action
O

curves could be represented by the part of circle described by 

the equation*

2 
'c

_/o oinhere o and "C are the critical stresses in pure bendingo c

and pure snear respectively*
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2,1C2 The Energy Method of Solution

In ell the papers mentioned in the previous section, 

the investigators have made use of Small Deflection or Linear 

Theory of plates. Before carrying out a detailed discussion 

of the results achieved by these investigators, it would be as 

well to examine the application of this theory.

The linear theory of plates, among other things,* 

provides the starting point for the Energy Method of Solution<, 

The general procedure when employing the strain energy method 

is to assume that the plate deforms as soon as an edge force 

is applied. Providing the deflections are small, that is the 

Small Deflection Theory applies, it is permissible to consider 

that bending of the plate has been accomplished without any 

undue straining of the middle plane of the plate« Thus the 

bending energy stored in the plate and the work done by the 

applied edge forces, are the only factors which need be 

considerede This may be stated in the form belowg

- T * o

or Av = A T - (5)

where ^Y » the internal strain energy of the plate, and

A'E SB the work done by the external forces on the 

plate0
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In order to simplify things, consideration will be 

given to the case of the buckling of a simply supported 

rectangular plate under combined bending and tension as treated 

by Timoshenko^ , (See footnotes) 0

The intensity of the forces distributed along the sides 

x s 0., x s a, of the plate, and acting in its middle 

plane (see Fige l) are given by equation (3) above. To obtain

the critical compressive force N0 , it is necessary tocr
evaluate the change in internal strain energy ( A V) and the 

work done by the external forces ( A T)«

Before any values for A V or A T can be calculated, 

a deflection pattern must be assumed for the plate 0 In the 

case of a rectangular plate with simple supported edges, the 

deflection surface can be represented by the double series? -

a sin mJT x, sin nTT y - (6)mn •"• — — • * *

m ̂

where x, y, a and b are as before, (see Fig,l) m and n are the 

number of half waves in the x and y directions respectively, 

a becomes a series of coefficients dependent on the values 

of m and p,»

(i) Timoshenko, S. , "Theory of Elastic Stability", 
McGraw-Hill Book Co., New York, 193b, page 350 0
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Each term of this series vanishes for x s 0, x s a 

and also for y s O, y s b, hence the deflection w is zero along

the boundary as required. Calculating the derivatives
C2 £2. C2 / C 2 O w/ O x and O w/ O y we find again that each term of

the calculated series becomes zero at the boundary. From this 

it can be cconcluded that the bending moments are zero along 

the edges, as they should be in the case of simply supported 

edges.

By using expression (6), and the expression for 

strain energy in pure bending of plates, Timoshenko^"L:L' 

the expression
AAi ~¥- ~**~~ iJt 5C **^**F

\ T \ 7

( 2

derived

ran (7
2 n
7 - (7)

m s 1 n s 1 

where D s flexural rigidity of the plate Et
12(1-

and by

using expressions (3) and (6), TiiaoshenkoC111) obtained the 

expression

A _AT * a

e o a 
2 ~2"b

mn mjTT 
2

n 3s^> «*£>

mn

m - 1 n = 1 I

-(8)

(ii) Pages 49-51 and 120-121, "Theory of Plates and Shells", 
McGraw-Hill Book Co.

(iii) Pages 351 and 352, "Theory of Elastic Stability".
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By equating expressions (7) and (8) an expression for 

the critical compressive stress was obtained -which -was dependent 

upon the coefficient a <> By adjusting the values of the
Off*

(iv)coefficients a « Timoshenk© ' finally obtained an expression mn

for the critical stress ( O ) in the form* cr

No _ = 67 = k 7T2 D , which is the same form cr «r ty
t b t .. as equation

The numerical factor (k) varies with the ratio of the 

superficial dimensions of the plate as shown in Fig»2, Given 

the superficial dimensions of the plate, the thickness of the 

plate and the modulus of elasticity for the material, k can 

"be found from the graph, and the critical stress can be 

evaluated^ 

2 c lo3 Extension of. the Energy Principle for Stiffened Plates

In the case of horizontally stiffened plates allowance 

must be made for the internal strain energy of the rib and the 

work done by the compressive force acting on the rib. The 

general equation for the calculation of critical stress, 

expression (5)$ then becomes

T. - (9)

where AUJ V. = internal strain energy stored in stiffener 
i

/ T . s work done by external forces acting on 

stiffener

(iv) Pages 352-355, "Theory of Elastic Stability".
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The same general method of calculating the critical 

stress is then used in the case of a stiffened plate as was 

used in the case of unstiffened plate c

The case of horizontally stiffened plates was first 

investigated by Timoshenko, who used the above expression to 

find the value of the critical stress for a plate in 

compression, stiffened by one or two ribs e Timoshenko 

calculated the effect of changes in area and rigidity of the 

stiffener on the critical stress value 0 Even so, the scope 

of his analysis was limited to the case of pure compression, 

and on^y a narrow range of area and rigidity values was 

considered.

The effect of a horizontal stiffener located between

the compression edge and the neutral axis for plates in pure
(21)

bending was first investigated by Chwalla '. Chwalla gave

the numerical results for a plate of aspect ratio o<.=c 00 8,

reinforced by a stiffener at the quarter point of the web,
(22) y at b/4« It was left to MassonneV ' to develop a numerical

solution for most practical cases 0 Massonnet used the same 

basic method as Timoshenko, but he considered in more detail 

the two cases of buckling of stiffened plate. 

The two cases.which occur areg-

(1) When the plate and stiffener buckle as one, and

(2) Where the stiffener forms a nodal line. Chwalla 

investigated this phenomena in a limited way but 

Massonnet gave numerical solutions for a wide 

range of area and rigidity of stiffener,,
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In case 2 above, where the stiffener remains straight

•while the plate bends, the terms A^V. and.A?? T in
i i* i 

expression (9) become zero, since both depend on the deflection

of the stiffener which in this case is zero. The expression 

thus becomes the same as expression (5)> which is true for an 

unstiffened plate 0 However, for case 2, there is an 

additional boundary condition, since the deflection along a 

line at a quarter depth, that is along the stiffener, is 

zero. The condition can be expressed as follows?~

W / bv = ) a sin pJT" « 0
(y « r) / mp *r~

p « 1

Massonnet showed that by taking the first six terms 

in the development of the series, W accurate results could be 

obtained» The results he obtained can be seen in Fig,4-. It can 

be seen from this figure, that for a given plate there exists a

limiting value of 0 s 0 defining the flexural rigidity

El of stiffeners, which just guarantees straight nodal lines

of the buckled plate along the stiffeners„ This value of 9f cr

is associated with the highest possible value of the critical

stress O which the stiffened plate can carry. From the 
cr max, *

figure it can be seen that for values of «* 0,4 the coefficient 

of stability (k) rapidly approaches the value K = 100,8, The

highest value w of the critical stress can be expressed
G*J!» IH3JC &

as

max> . 100.80, T z » _ (t)2 _ (e<So>if) . (10)
12 (1 I)*) '""
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FROM THE COMPRESSION EDGE
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Massonnet also produced a set of curves which may be 

used to calculate the position of vertical stiff eners on the 

webplates of girders. These curves can be seen in Pig.5. They 

show the variation in the optimum rigidity 0 with the
O3T

aspect ratio (°<-) for given values of O , the area ratio of

the stiffener^

/^ Gross—sectional area of stiffener
where o ~ ———————————————"—————————————————— 

Cross-sectional area of plate between flanges

Thus if a decision is reached about the size of horizontal

stiffener, its 0 and o values for a given plate thickness will
V J* 

be def ined«, When the 0 and o values are knowi the aspect

ratio (<x) required to give maximum stability of the plate can 

be found from Pig.5« Hence the spacing required of vertical 

stiffeners for a given depth of girder can be found.

If, on the other hand, the spacing of the stiffeners 

is known and it is decided to use stiffeners of a given area, 

the rigidity of the stiffener required to give the maximum

value of the critical stress can be calculated from the graph*

(.23)This process has been facilitated by Bleichv ' who gave an

approximate expression for « , as expressed in Massonnet's 

graph, in the form

V e 2 50^ a (12.6 * 50d)cx - 3.4oC-(«x^~l.6) - (H)

By using this expression, it is possible to 

calculate 0 for ranges of area ratio other than the ones 

Massonnet calculated.
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Another variation of the Energy Principle, the Ritz 

method * ', which method is almost identical with that used by 

Timoshenko^ , was applied by Hampfl^ ' to a horizontally 

stiffened plate. The particular case, in which Hampfl was 

interested, was that of a stiffener at the centre line of the 

plate.

Hampfl found that for plates with aspect ratios less 

than two thirds, the effect of a central stiffener was 

negligible, but for aspect ratios above this value there was 

a more marked effects It was found that for aspect ratios 

greater than two thirds the effective coefficient of stability 

was 35 • 6 for the case of plates with all four edges simply 

supported and where the stiffener had a relative rigidity 

greater than ten.

If the plate is considered as being, in effect, 

split into two plates by the stiffener, then the value of K 

for the lower half can be found from curve ' a9 in Fig, 3. This 

curve gives an effective K. value of 31»3 when used in equation 

(l) with the full dimensions of the plate. If curve 'c 9 in 

figure three is considered as representing the true case when 

the flanges of the section, containing the centrally stiffened 

plate, are rivetted or bolted, the effective value for K 

becomes



- 18 -

From the above figures it can be seen that a stiffener 

positioned at mid-depth is not nearly as effective as a stiffener 

positioned in the compression zone for a plate in pure bendinge 

However, positioning stiffeners at mid-depth may be found to be 

more advantageous when there are shear stresses present•

2»2 Optimum Positioning of Horizontal Stiffeners

(25) In 1949 Mitchellx ' published a theoretical paper

on the positioning of horizontal stiff eners for simply supported, 

rectangular plates subjected to pure bendingo He found from his 

analysis that the buckling strength of the plate not only varied 

with the rigidity of the horizontal stiffener, but was also 

affected by the position of the stiffener, Mitchell then worked 

out the optimum position and he found that the stiffener had its 

greatest effect on the stability of the plate-stiffener 

combination when it was placed along a line, a fifth of the depth 

of the plate from the compression edge.

The only theoretical investigation into the actual 

stability values obtained by horizontal stiffeners placed at 

the fifth depth point is that due to Dubas^ '» Dubas analysed 

the problem by means of a method of successive approximations, 

and obtained curves for K plotted against 0 of a form similar 

to those obtained by Massonnet for a horizontal stiffener at 

the quarter depth point„
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The main difference between Massonnet* s and Bubas 1 

curves (see Figs c 4 and 6) lies in the fact that for the 

fifth depth a higher maximum value of K was obtained, thus 

substantiating Mitchell's work0 It is worthy of note, 

however, that Dubas* analysis extended only to two different 

stiffener areas, thus an expression, similar to equation (ll) 

cannot be formed from his results.

It should be noted, however, that since the 

completion of the experimental work for this thesis, Stussi 

and Charles Dubas and Dubas8 brother Pierre have published a 

paper ^ ', which gives an extended analysis of the case of 

the fifth depth stiffener,. The significance and use of 

this paper is discussed later in Chapter 6«

2,3 General Theoretical Conclusions and Suggestions for 
Comparison with Practical Results

From the foregoing discussion it can be seen that 

for cases where the edges of a plate are simply supported the 

effect of the rigidity and position of stiffeners is fairly 

well known. In practice, however, the edge conditions which 

apply, approximate to the case of fixed rather than simply 

supported edges,,

The analysis of a plate stiffened horizontally in 

the compression zone, with edges fixed, and subjected to pure 

bending, would be highly complicated, and to date no 

theoretical solution is available,, For this reason, and since 

most observers agree that a horizontal stiffener that provides 

a nodal line is equivalent to a simply supported edge, the 

panel between a stiffener of this type and the flange, may be
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analysed as a plate fixed on the edge of greater compressive 

stress, and simply supported on the other three edges. The 

loaded edges can be considered as simply supported because 

they are bounded by vertical stiffeners -which allow continuity 

of buckling* The stress distribution across the section then 

varies linearly,, This type of plate may be analysed from the 

results derived by Kollbrunner as referred to above,

Kollbrunner made a comparison of the values of the 

coefficient of stability (k) obtained by theoretical methods

and with experiment. The main theoretical methods used were

( 2.Q) * * 'those of Timoshenko already described, and Stussi 

Stussi solved the stability problem by using a method of 

successive approximation, Stussi applied the method to some 

typical loading conditions and obtained simply formulae 

suitable for routine design*

From Kollbrunner1 s results ( see Fig, 3) , it is 

possible to obtain the value of the coefficient of stability 

(k) for the edge condition shown in the figure and for stress 

values in which the value of c (equation (3)) varies from 

zero to two and a half. By interpolation, from this graph, 

can be obtained the k value applicable to any position of 

stiffener with a plate subjected to an overall pure bending 

stress. As an additional check on the validity of this 

method of analysis, the k value for the section above the 

stiffener can be checked from Kollbrunner9 s results. This 

k value should be higher than the one obtained for the 

portion below the stiffenere This being so indicates that 

the latter section is the more critical; thus, the k value
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for this section, and hence the critical stress for this 

section, can be taken. The load on the plate which produces 

this value of the critical stress at the compressive edge of 

the section is then the critical load for the plate or 

girder. With a stiffener at the optimum position, the k 

values for the sections above and below the stiffener 

should be equal*

By reference to the works cited in this Chapter, 

a theorectical comparison can be ma.de with the practical 

values obtained later. In particular, the main concerns 

will be the values for the critical rigidity of the 

stiffener, the maximum critical stress of the stiffened 

plate, and the variation of the coefficient of stability 

of the plate stiffener combination, with the rigidity and 

area ratio of stiffener used0
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CHAPTER (3) 

EXISTING EXPERIMENTAL INVESTIGATIONS.

3.1 General

In this chapter a survey is made of existing 

knowledge of the buckling of plates and plate girders with 

a view to improving knowledge of the mechanism of buckling. 

This, it is hoped, will point the way to further work which may 

help to clarify the problem of the buckling of plates, with 

particular reference to stiffened plates, and hence allow a 

greater appreciation of the effects of buckling,
a

Mention has been made in the previous chapter of the 

theoretical developments on the problem of elastic instability

which led up to the theoretical treatment of the case of

(9) stiffened plates e Although Timoshenkov ' mentioned the effects

of horizontal stiffeners in 1921, the first occasion on which

any experimental information on their effects seems to have

(29) been made, was by Madsen x ' in 1941*

Madsen carried out some stability tests on box- 

section crane girders, and as part of his programme, performed 

a test on a horizontally stiffened girder. Initially, Madsen 

tried to find the failure load of a girder with a very heavy 

horizontal stiffener, but he discovered that he could not 

break the girder, thus stiffened, because his apparatus was 

not strong enough. Eventually, by reducing the size and thus 

rigidity of the stiffener, he managed to test the stiffened 

girder to failure with his apparatus.
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Although this was just an isolated test on a horizontally 

stiffened girder, from the information obtained, it was seen that 

a stiffened girder failed at a much higher load than an un- 

stiffened girder 0 It was also concluded, that since on 

reducing the size of the stif f ener a lower failure load was 

achieved, then this must also mean that the difference between 

the failure loads of stiffened and unstiffened plates depended 

upon the rigidity of the stiff ener. The higher the rigidity of 

the stiffener the greater the failure load of the stiffened 

plate*

Shortly after the publication of Madsen's report,

( 50) tests were carried out on a number of model girders by x ^'

One of the conclusions arrived at in this work was that the 

results of the tests had shown that in the use of web stiffeners, 

it was more efficient to fit them to both faces of the webplate 

rather than one face only. These remarks apply mainly to the 

use of horizontal stiffeners in preventing buckling of the web 

due to normal stresses*

The results obtained by Madsen and Gaber have illustrated, 

that an improvement in the stability of a plate can be obtained 

by the use of horizontal stiffeners, and that this type of 

stiffening should be fitted to both faces of the webs rather 

than one face only. Both these conclusions are qualitative only 

and give no information on the particular size of stiffener to 

be used in a given case0
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More information about modes of testing than is 

contained in the above reports was supplied by two papers 

(31 and 32) which were published more recently,, Both these 

papers, although mainly concerned with the behaviour of 

unstiffened plates, contained a lot of interesting information

appertaining to the buckling of stiffened plates e

uminium

,(32)

The work carried out by Moore^ ' on aluminium alloy

test girders and that carried out by Wastlund and BergmanN 

on deep steel I girders was very much along the same lines. 

The principal differences between the two series of tests were 

that Moore used riveted girders, and was concerned with buckling 

in combined shear and bending, Wastlund and Bergman used welded 

girders and were concerned with buckling in pure bending and 

pure shear as well as combined shear and bending* In both 

investigations no clear cut stability phenomenon was obtained 

from the tests.

In general, Moore found that there was good agreement 

between the measured and computed deflections, and that there 

was a close comparison between the measured and computed shear 

stress distributionso There was, however, a lack of integral 

action between the component parts of girder, the reduction in 

the area of section at rivet holes being more pronounced for 

combined shear and bending than for pure bending. Moore found 

that better agreement between measured and computed stresses in 

the tension flange would have been obtained if the nett section 

rather than the gross section of the tension flange had been 

used. The opposite was true for the compression flange.
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This latter facet is one of the inherent difficulties 

which arise when dealing with riveted or bolted girders e By 

using wedded girders Wastlund and Bergman successfully avoided 

this difficulty, but on the other hand the advantage thus 

gained was partial}^ offset by the present of residual stresses 

in the welds.

As was stated above no clear cut stability phenomenon 

was obtained by either Moore or Wastlund and Bergman. The 

reasons for this in the former case were probably due to the 

presence of initial deflections and the inaccuracies of his 

measuring technique. In the latter case, although the method 

of measuring was improved there were still initial deflections« 

In view of this fact it is important to take great care to 

ensure that the plate is as flat as possible in stability 

experiments •

In carrying out their experiments, Wastlund and 

Bergman expended no special effort to see that the webplates 

were as flat as possible, in fact, for a number of experiments, 

plates with quite large initial deflections were used in order 

to see what effect large deflections had on the behaviour of 

the girders under testo One interesting facet of their 

experiments was that, in the case of one plate which, although 

loaded and unloaded a number of times within the elastic limits 

of the plate, its final shape after unloading differed very 

little from its initial unloaded state e
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It is also interesting to note, with the last
(52) 

observation in mind, that mention is made by Rockey

of some tests carried out on vertically stiffened panels

(52) subjected to shear* In this paper N ' it was recalled that

a check was carried out on the influence of repeated 

buckling on the behaviour of a panel since, during the 

experiments, a large number of buckling tests were to be 

made on each of a number of pane Is« It was found that, 

though the panel was repeatedly loaded up to a load 

corresponding to twice its initial buckling load, the 

buckling load was unaffected by the loading operations. 

It can thus be inferred that a plate may be tested 

repeatedly within the elastic region without greatly 

affecting its original state.

Throughout the tests carried out by Moore and 

by Wastlund and Bergman, the failure loads of the 

girders were well above Timoshenko* s theoretical critical 

load for simply supported edges. They also found that 

the lateral deflections at loads equivalent to this 

theoretical critical load were small, and that the load- 

vertical deflection graphs remained straight well above 

the Timoshenko* s load. With +his in mind, it wa&> 

proposed by Wastlund and Bergman that the theoretical 

critical loads for plates with simply supported edges,
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as calculated by Timoshenko should be used as a design 

criterion. This, they stated, would allow saving to be 

made in the use of steel in comparison with plate girders 

designed under the specifications existing at the time in 

Sweden and in other countries.

Since they had shown that the failure load of plate 

girders was well above this "Timoshenko" load, and that the 

lateral deflection at this load was small, and almost impossible 

to detect with the naked eye, then using this load as a design 

criterion may be counted as a reasonable stipulation to make e 

It must, however, be stated that, if girders with smaller 

initial imperfections had been used and more accurate methods 

of measurement employed, a better idea of the effects of 

buckling including that of stress would have been obtained* 

This would probably show that higher working stresses could 

be allowed to develop than would result from using the 

"Timoshenko11 load as a design criteria.

Experiments on plates, in which the boundary conditions 

were established, great care taken to ensure direct application 

of the loads and the plates as flat as possible, were mentioned 

in a paper by Kollbrunner^ '• These experiments were carried 

out on plates to give buckling in the elastic region under 

triangularly distributed longitudinal stresses* The results 

obtained were found to agree very closely with the theoretical 

values calculated for the equivalent stress distributions.
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The theoretical results which were thus confirmed by 

practical work could be used in the case of horizontally 

stiffened girders. If it can be shown that a horizontal 

stiffener does effectively form a nodal line, the plate 

above the stiffener acts as a plate under a triangularly 

distributed load. The plate between the horizontal stiffener 

and the compression flange is then subjected to linearly 

varying compressive stress, A buckling coefficient suitable 

for this type of stress distribution can be obtained from 

Kollbrunner*s results and hence an estimate of the buckling 

strength can be made*

The problem of buckling under pure bending was

( 3M treated experimentally by Sparkes, Chapman and Pippardv "^y in

tests on box girders constructed of thin steel plating. The 

results of tests on eight girders were mentioned. Of these, 

seven girders were unstiffened and of the proportions of 

model girders. The other was stiffened vertically and more 

consistent in size with practical girders.

No stability criteria were obtained from the tests 

on the smaller unstiffened girders, but in the first test on 

the stiffened girder, load-lateral deflection curves and load- 

stress curves showed symptoms of a critical load. The 

stiffened girder was inverted and retested, but no stability 

phenomena were then exhibited. In general, it was found that 

for elastic buckling the girders resumed their initial form 

to within one ten-thousandth of an inch when the load was 

removed.
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From the stress values obtained, the calculated moment 

of resistance was in good agreement with the applied bending 

moment which confirmed the general accuracy of the method of 

stress determination from strain gauge readings. It was found, 

however, that the amplitude of the buckles had considerable 

effect on the heart of plate stress. Even so, it was noted 

that the flange stresses were generally in excess of the fibre 

stresses, although these were above the heart of plate stress,

Because of the failure to achieve any clear cut 

instability loads which agreed with the theoretical values, it 

was generally concluded that the problems of thin-walled 

structures were to complex to be amenable to adequate 

mathematical treatment• It was felt that there was more need 

for data, from which rational empirical designs might eventually 

be derived.

From the details mentioned of the tests on unstiffened 

girders and plates, it has been definitely established that 

loading up to the theoretical critical load does not mean the 

girder or plate will fail* This has been clearly illustrated 

for the case where simply supported edge conditions are 

assumed, and has been implied for the case where fixed edges 

are assumed. In the region of load between these two cases, 

however, it has been shown that considerable lateral deflection 

of the plates does occur. One way of limiting the deflection 

of plates is by the use of stiffeners.
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As was mentioned in Chapter 2, it has been theoretic 

ally shown that the coefficient of stability of a plate can be 

increased to four or five times the value for an unstiffened 

plate by the use of horizontal stiffeners, This fact, however, 

has not been established in practice. A small number of tests 

have been carried out with vertically stiffened plates, 

however, and since, in shear, the coefficient of stability of 

a plate increases as the aspect ratio decreases, providing the 

vertical stiffener is fairly rigid, an increase in the critical 

stress value for the plate should be obtainede

A number of tests on vertically stiffened plate

( 35) girders were carried out by Mackey and Brottonv ', These

experiments were performed on a model riveted girder. The 

girder was subjected to four point loading and deflection and 

strain gauge measurements were taken for the panels in shear 

and bending and for those subjected to pure bending* An 

additional check on the stresses was obtained by the use of 

Huggenberger tensometers.

The lateral deflections were measured with deflection 

gauges reading to one thousandth of an inch. The deflections, 

were taken by inserting the gauge between the web and a 

reference bar supported close to the flanges. Accuracy in 

the repeated placing of the gauges was ensurudby using three 

steel ball contacts, both on the reference bar and on the webe 

This method of measurement is similar to that used by Moore, 

and is subject to much the same error, that is to aay that any 

twisting of the flanges is likely to cause error in the 

measurements.
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No stability phenomena were obtained from the tests. 

One of the reasons for this may be due to the fact that all 

the panels had initial deflections. These deflections varied 

from panel to panel, and with each size of intermediate 

vertical stiffener. Five different sizes of intermediate 

stiffener were used, these particular stiffeners being bolted 

on to the web to facilitate changing. However, since the 

maximum load to which the girders were subjected, apart from 

the crippling run, was only 1*3 times the "Timoshenko" load, 

this series of tests are not of great value, since the flange 

will supply at least a partial fixity. This was confirmed in 

the test and thus the curves could not be expected to show 

any of the effects of buckling.

The tests showed that there was no relation between 

the depth of the buckles and the rigidity of the stiffeners, 

and that there was no tendency for the buckles to spread from 

one panel to another. This is not surprising in view of the

sizes of stiffenersj all of which had a rigidity greater than

(52) that needed to form a nodal lint * *

The axial stresses measured in the intermediate 

stiffeners were found to be low for loads above the buckling 

load for simply supported edge conditions. It would thus seem 

that much lighter intermediate vertical stiffeners could have 

been used without endangering the stability of the girder.
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Mackey and Brotton also made a comparison of the web 

lateral deflection curves for welded and riveted girder 

construction. They stated that, for webplates loaded below 

their elastic behaviour limi^ to the same proportion of their 

"Timoshenko" loads, the ratio of web deflection to length of 

longer panel side, during the deflection of a riveted girder 

was approximately fifteen per cent greater than a welded girder,

The experiments carried out by Mackey and Brotton did 

not give sufficient information to enable recommendations to be 

made concerning the size of stiffener to be used in a given

case. An investigation much more along this line was that

(36) started by Mas sonnet •

The «im of Massonnet 1 s research was to establish 

rules which would enable one to choose the thickness of web 

and the position and size of stiffeners required, in order 

that a girder might resist the external forces acting on it 

and still have the most economic profile. To attain this end, 

Massonnet investigated the stability of the longitudinally 

unstiffened web panels of a girder divided into panels by a 

number of rigid vertical stiffeners, and studied the behaviour 

of webs with flexible stiffeners in the vertical and horizontal 

direction. The above paper ^ ' refers only to the tests on 

girders with rigid vertical stiffeners,

In subsequent papers ^ 2> ^9 ^ ^9) Massxwmet 

illustrated how these results could be used to build up 

nomograms enabling the choice of web thickness and vertical 

stiffener spacing to be easily made (37) and discussed the 

German recommendations for stiffening (/+£>) in the light of
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of theory and experiment concerning the use of horizontal

^ andand vertical stiffeners >

Mas sonnet carried out his tests on welded girders 

thirteen metres long and one metre in depth. The loads 

were applied with hydraulic jacks, the panels of the girder 

being subjected to combined bending and shearing stresses. 

Dial gauge readings of lateral deflection of the web panels 

and vertical deflection of the girder were taken throughout 

the tests, together with strain gauge readings and results 

from Huggenberger tensometers. In the failure tests carried 

out, the girder was coated with milk of lime in order to bring 

to light the presence of high stress concentrations at any 

point. The presence of the stress concentrations would be 

shown by cracking of the milk of lime coating,

Massonnet used an arrangement similar to those used 

by Moore and by Mackey and Brotton for evaluating the lateral 

deflection of the web, This consisted of a dial gauge placed 

in between a bar fixed to the flanges and the web. As was 

mentioned above, this method is subjected to error due to the 

fact that there may be twisting of the flanges during testing, 

The deflection gauges Massonnet used measured to an accuracy 

of one hundredth of a millimetre (approximately one four- 

thousandth of an inch) and again it may be said that it is 

possible to use gauges which will measure to greater accuracy, 

In his tests Massonnet was unable to obtain load-lateral 

deflection plots which showed a distinct change of slope 

indicating the critical load, nor was he able to do so from 

load strain plots. In most oases analysis of the results was
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carried out using Southwell8 s^- ' method of plotting the 

ratio of the load to the lateral deflection against the 

lateral deflection of the plate. In the opinion of many 

investigators, this method of analysis is not suitable 

for plate girders for reasons which will be discussed 

in Chapter 4.

In describing his tests on girders with rigid 

vertical stif f eners * ̂  ', Mas sonnet mentioned a method of 

analysis he had previously used with succes for plates* 

The essential principles of this method are described in 

Chapter 4. It suffices here to say that it was based on 

the fact that the natural frequency of vibration of an 

elastic system, loaded with forces capable of producing 

ita instability, decreases when the forces increase and 

becomes zero at the precise moment of buckling. With 

some adjustments to allow for initial curvature of the 

plates, it is theoretically possible to use this method 

for calculating the experimental critical load,, 

Massonnet found, however, that although good results 

were obtained in a pilot test on a small girder in 

which the planeity of the plates was good, contradictory 

results were obtained when this method was applied to 

a test girder. The method was thus abandoned.
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As a result of the tests on the girder with rigid 

vertical stiffeners, Massonnet obtained results -which showed 

that a plate girder behaved elastically under experimental

critical loads 0 He found that these loads varied between 1,1
/o\ 

and 1.4 times Timoshenko*s^ ' theoretical critical load for

a plate with simply supported edges. The variation in values 

was stated to depend on whether the web panel considered was 

subjected principally to shear or principally to bending.

It was also found that if the rigid vertical 

stiffeners were spaced a distance less than the clear depth 

between flanges apart, the ratio between experimental and 

theoretical critical loads was greater than was the case when 

the stiff eners were spaced further apart. By using Nolke 1 s^ ' 

critical stress as a standard, it was found that the experi 

mental critical stress was greater than this value for panels 

on side ratio less than one, less than Nolke's value for 

side ratios greater than one and equal to Nolke 1 s value for 

panels with a side ratio of one*

From the failure tests -he carried out on the 

vertically stiffened girder, Massonnet* s results showed that 

the ultimate load of the girder was always greater than twice 

Timoshenko's theoretical critical load.

As a result of these tests and tests carried out by 

other investigators, Massonnet concluded that the buckling of 

webplates is a progressive and not a sudden phenomena, and 

that the experimental critical load which is greater than the 

Timoshenko load, is 1.3 times greater for bending than for 

shear, and that a smaller coefficient of security against bending 

may thus be adopted for plates subjected to bending stresses.
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It was further concluded that the girder remained 

elastic up to loads varying between 1,2 and 2.8 times the 

Timoshenko load, and that the ultimate load of the girder was 

between two and four times the Timoshenic load. It was found 

that the ulitmate load did not depend on the critical load but 

was dependent upon the strength of the individual girder 

sections. That is to say, the ultimate load depends upon the 

elastic limit of the material. It thus follows that the 

greater the ratio of depth to thickness for a web panel, the 

greater the ratio between the ultimate load and the experi 

mental critical load. This shows that the reduction in buckling 

load for plates with high slenderness ratio does not mean a 

similar decrease in the failure load of the girder,

The effects of initial curvature were also

(36) investigated in the above paper , and it was found that

although these deflections tended to obscure and lower the 

experimental critical load, they did not cause a lowering 

in the ultimate load of the girder. It was also found that 

buckling of the webplate had a negligible effect on the 

vertical deflection of the girder. These last two conclusions 

concurred with those found by Y/astlund and Bergman and Moore,

Following on the conclusions drawn from his tests, 

and considering the conclusions of others on similar subjects, 

Massonnet made a number of recommendations. The principal 

recommendations were that the working stresses for deep plate 

girders should be based on the theoretical critical load for 

buckling calculated from Timoshenko's formula for the buckling 

of plates with simply supported edges, using coefficients of
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security of 1»15 for buckling due to bending and 1,35 for 

buckling due to shear* The reason for using different 

coefficients for shear and bending is based upon the fact that 

the experimental results obtained by Massonnet indicated that 

buckling in shear occurred at a lower multiple of the theoretical 

critical load than was the case for buckling in bending.

Since Massonnet* s experimental results have shown 

that the girders did not fail until the loads had exceeded 

twice the theoretical critical loads calculated on the basis 

of Timoshenko1 s theory, the recommendation that Timoshenko1 s 

theoretical values be used as s standard may seem open to 

criticisme However, this seems a reasonable stipulation for 

Massonnet to have made, bearing in mind the results he 

obtained, but with the attainment of more accurate results 

from protracted tests, as will be shown in later chapters, a 

better design criteria is likely to be obtained.

Massonnet increased the usefulness of his results 

by building from them nomograms, which enabled the thickness 

of webplates and spacing of vertical stiffeners to be chosen 

for a girder, in order that its safety against buckling might 

be ensured. These values could be read directly from the 

graphs for plates subjected to almost any combination of 

shear and bending. The graphs were built up from a 

consideration of Timoshenko's buckling load formula, the 

interaction curve for combined shear and bending stresses 

and the stress system in a plate subjected to combined shear 

and bending as developed by Hencky-von Mises,
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In his later paper v ' Massonnet reiterated the views 

expressed above, but he also went on to consider the effect of 

stiffener rigidity on the buckling of plates* This was

developed in a subsequent paper 'and given in greater

(39}detail in the most recent of these papers x '. Since the work

embodied in these papers overlaps to a great deal, they will be

considered as one.
(22)In his theoretical paper v ' dealing with the effect

of horizontal stiffening, Massonnet mentions the fact that 

buckling of at. stiffened plate is possible in two distinctly 

different forms. These two forms are, buckling of the 

stiffener and plate as one, and the case where the stiffener 

acts as a nodal line. It may be seen that the first form is 

likely with a light stiffener and the second form with a heavy 

stiffener. Thus, somewhere in between, there occurs a 

stiffener whose rigidity will enable it to take either form. 

This can be so with either vertical or horizontal stiff eners, 

and Massonnet then goes on to say that the stiffener which has 

just sufficient rigidity to form a nodal line, is the optimum 

one as regards rigidity and efficient use of material. Thus 

using stiff eners of this rigidity, as calculated in the German 

specifications * ', Massonnet carried out a number of 

experiments to discover if this idea worked in practice, or 

whether results differed from the theoretical, applied as 

in the case of the theoretical and experimental critical 

loads.
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The experimental apparatus used was the same as for 

the previous tests -with rigid vertical stiffeners, and a beam 

of the same overall dimensions was used. The two girders were 

of welded construction and great care had been taken with the 

welds to lessen the risk of residual stresses,, It was found, 

however, that the initial deflections of the panels were 

greater than was the case with the girder with rigid vertical 

stiffeners.

The object of the tests was to determine the stability 

of web panels with horizontal or vertical stiffeners. The 

stability was investigated for panels with a horizontal 

stiffener along the centre line, with a horizontal stiffener 

lying along a lines passing through the quarter depth point 

(i»e, at the centre of the compression zone of the web) and a 

series of vertical stiffeners, identical and equidistant. These 

vertical s t iff ener s divided a large panel of two and a half by 

one metres into 2, 3> 4 or 5 identical panels,

A series of non-destructive tests was carried out on 

each of the two test beams. The number, the arrangement or the 

relative rigidity of the supplementary stiffeners attached, 

differed in each test. When these tests on a beam were 

completed, it was then loaded to destruction. Each of the 

halves of the collapsed beams were further tested to destruction.

For the first girder, the results from the non 

destructive tests were inconsistent. The values were considered 

insufficiently reliable due, it was thought, to the presence of 

initial deflections of the web and residual stresses in the 

welds. Even so, Massonnet drew some conculsions from these
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results. It was concluded that due to repeated removal and 

rewelding of stiffeners, there was variation in the initial 

deflections from one test to another and hence the Southwell 

method failed to give satisfactory results 0 It was also 

observed that, due to the unavoidable asymmetry of the web 

and loading conditions, no stiffener remained straight under 

load, thus the conception of a strictly rigid stiffener was 

only an ideal. It was found, however, that the transverse 

deflection of the stiffeners could be reduced to negligible 

proportions when their rigidity was increased to a certain 

stage* The actual rigidity at which the transverse deflections 

became negligible was found to be in excess of the strictly 

rigid or optimum value previously mentioned by Massonnet,

In the tests to destruction he carried out, 

Massonnet was greatly concerned with the efficiency of the 

stiff eners in strengthening the panels. In this regard he 

considered the stiffeners as being inefficient if they 

deflected to any appreciable extent before the girder failed. 

Thus the stiffener was only considered as being effective 

up to a load at which the ratio of its deflection to the 

maximum deflection of the panel became a minimum. This load 

corresponds approximately to the point at which the load- 

deflection curve for the stiffener has its maximum curvature.

In tne author1 s opinion, it is not stictly necessary 

that the rigidity of a stiffener should be sufficient to keep 

it straight up to the failure load of the girder. As long as 

the stiffener will remain straight up to a load in excess of 

the service load of the girder, then it will be effective in 

restraining the plate.
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All the panels in the girders Massonnet tested were 

subjected to combined shear and bending stresses and as 

Massonnet stated, the optimum rigidity values for a stiffened 

plate in combined shear and bending are not known, Massonnet 

solved this problem by reference to the theoretical anaylsis 

of a plate in simultaneous bending and shear with one vertical 

central stiffener0 In this case, it was concluded that for all 

combinations of shear and bending, there was an optimum rigidity 

of stiffener which lies between the theoretical optimum 

rigidities for pure bending and pure shear. Thus, if the 

greater of these two values was taken, the error would be on 

the safe side. This rule is very different from that set up 

by Professor Chwalla^ ' and embodied in the German standards^ ' 

and, definitely, decreases the amount of metal to be used.

Some of the iiiinner panels of the girders Massonnet 

tested to destruction were stiffened with two lines of hori 

zontal stiffeners. This was done in order to ensure that 

failure of the girder occurred in a panel chosen prior to the 

tests Although these cases were few and there was insufficient 

experimental information to draw any broad conclusions, some 

points of interest were noted. It was found that the central 

stiffener, which was of ample size, supported the quarter

stiffener sufficiently to make the combination effective,,
(38 39) The second beam tested ' ' was divided into

panels with rigid vertical stiffeners and experiments were 

carried out on the panels unstiffened and with the panels 

stiffened horizontally and vertically. The results achieved 

from these tests exhibited stability phenomena and thus enabled
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the determination of a considerable number of critical loading 

values for stiffened and unstiffened panels,

As a result of the above tests, Massonnet concluded 

that the behaviour of a web stiffened by a reputedly perfectly 

rigid stiffener could not be accurately forecasted using the 

conventional theory of buckling for stiffened plates, due to 

the initial defects in the web and the difference between 

actual and ideal boundary conditions,, It was also suggested, 

in the report, that it was necessary to adopt a multiplication 

factor for the optimum theoretical rigidity of stiffener to 

be used for a particular type of stiffener. The factors 

suggested varied from three to seven for horizontal stiffeners 

along the centre line, or at the third, fourth or fifth depth 

points of the plate and a multiplication factor of twenty for 

vertical stiffeners.

The multiplication factors suggested by Massonnet 

were based on the stipulation that the stiffeners should not 

deflect appreciably up to the ultimate load of the girder. 

As has been previously stated by the author, this seems to be 

too harsh a stipulation and will result in stiffeners of too 

high a rigidity being used. With this in mind, it would, 

therefore, seem that stiffeners whose rigidity is a lower 

multiple of the theoretical optimum value than Massonnet 

suggested, might be usedo
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It was further stated by Massonnet that, by using the 

rigidity values for stiffeners which he had suggested, it would 

be possible to reduce the buckling safety factors, suggested 

for fully framed webs, to unity« This would result in 

considerable saving of metal.

The experiment s conducted by Massonnet have thrown 

considerable light on the behaviour of stiffened welded girders, 

even though some of the methods he used for evaluating the

critical loads were suspect. The values of stiffener rigidity

(39) he suggested v ^' form a useful guide for construction of this

type of girder0 However, the results shown by Massonnet do 

not cover all aspects of behaviour for stiffened girders. 

Whether his results apply to riveted or bolted girders, as 

well as welded girders, has not been shown. The absolute 

validity of his results cannot be proved unless similar results 

are obtained by different methods of testing, since the welding 

and rewelding of stiffeners on to the plate is liable to lead 

to variable initial deflections which may considerably affect

the results,,

(42, k3) The work reported by Hockey ' has considerable

bearing on the last point mentioned above. These reports contain 

accounts of a large number of tests carried out on light alloy 

plate girders of bolted construction. These tests were 

conducted on model girders subjected to shear stresses and 

bending stresses„ The panels of the girders were of various 

types, some having intermediate vertical stiffeners and others 

being unstiffened.



The buckling loads for the panels were obtained with 

the aid of dial gauges graduated to one ten-thousandth of an 

inch which were placed normal to the web plate to measure 

lateral deflections. These dial gauges were held in special 

frames to try to ensure that there was no relative longitudinal 

movement between the dial gauges and the web during the tests c 

The results obtained from the dial gauges were checked by the 

results given by strain gauges which were applied in pairs on 

opposite sides of the plates*

Throughout the above tests good stability phenomena 

were obtained,, It was found, however, that if the initial 

deflection of the panels was allowed to become of the same 

order of thickness as half the plate thickness, poor results 

were obtained,, The results were interpreted by plotting the 

variation of lateral deflection or strain difference against 

the load and applying to the curves the "Method of Tangents" 

(see Chapter 4)» Southwell8 s method was tried for a number 

of cases where there was a marked "knee" in the curves, but 

no reliable results were obtained from thenu

As a result of the tests on the vertically stiffened

(42) girders x ', empirical rules were suggested for the design of

the intermediate vertical stiffeners, when the girder is 

subjected to shear. Since in bending, the transverse 

stresses are much lower than in shear, the same rules can be 

applied to combined shear and bending. The rules advanced 

allow a choice of single-sided or double-sided vertical 

stiffeners to be made so that the coefficient of stability 

for the plate is a maximum.
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It was also established that the deflection of the 

web plate was small even for loads fifty percent in excess of 

the buckling load, as long as the plate was still elastic. 

It was thus suggested that the elastic stresses corresponding 

to a load fifty percent above the buckling load be used as

permissible design stress in shear. With regard to plates in
(42, 43) bending , it was stated that the results had shown that

the maximum stresses in the unstiffened webplate occur adjacent 

to the flanges c Since the flange stress in bending is always 

greater than the stress in the unstiffened web, if the flanges 

are designed to withstand the permissible stresses, then the 

stress in the webplate cannot exceed the safe permissible 

stress* The only criteria as far as the unstiffened web is 

concerned, is that the lateral deflections should not be too 

prominent at working loads.

Thus, if the permissible bending stresses arc 

calculated on the basis of the flanges providing a partial 

clamped edge support, and the stress being fifty percent above 

the buckling value then achieved, the structure should still 

be safe. It was estimated that if the maximum permissible 

shear stress occurred in the web, and the maximum permissible 

bending stress in the flange at the same secti en, the factor 

of safety against yielding was 1.6,

It is also interesting to note that in the latter of 

the above papers * *' and in ^^*"', mention has been made of 

some tests carried out on horizontally stiffened model 

girders. It was found fron these tests that the size of the 

girders led to small section horizontal stiffeners being used
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and that these stiffeners presented considerable practical 

difficulties of manufacture, resulting in their being deformed, 

Thus no consistent results were obtained, but it was shown that 

to provide a good working basis for tests on horizontally 

stiffened girders, the girders must be fairly large in order 

to overcome most of the difficulties of manufacturing the 

stiffenerso 

3.2 Practical Conclusions

From the survey of the available experimental 

literature in this Chapter, it has been possible to make some 

conclusions which would facilitate the experimental approach 

to the buckling of stiffened webplates and clarify the ends 

in view. It has been seen that in order to obtain reasonable 

results, precuations must be taken to ensure all webplates 

used were as flat as possible. For this reason, the use of 

bolted rather than welded construction for the test girders 

was indicated*

As regards the testing apparatus, it was seen that 

measurements must be taken to the greatest accuracy. With 

this in mind there was an obvious need for eradicating any 

relative movement between the dial gauges and the initial 

plane of the webplate* It was also realised that the dial 

gauges used must be extremely accurate and that the best 

possible arrangement of strain gauges should be usede
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It has also been seen that the tests by Kollbrunner 

and those carried out at Swansea have confirmed the values 

between which the buckling coefficient (k) for a longitudinally 

unstiffened panel varies with the change in the side or aspect 

ratio of the panel (i.e0 the k/ o< characteristics). The 

survey has also shown, however, that no quantitative values 

have been obtained for the variation of the buckling 

coefficient (k) of a longitudinally stiffened plate with the 

rigidity of the longitudinal stiffener Cif) 9(±»e. the k/^j" 

characteristics). Such information is needed in order that 

an economic design procedure for stiffeners can be developed, 

In addition further information on the post-buckled behaviour 

of longitudinally stiffened plates is needed.
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CHAPTER (4)

THE CONCEPT OF KATE BUCKLING AND 

MEASUREMENT OF THE BUOKT.TNG LOAD

4»1 General Introduction

When a plate is subjected to increasing compressive 

stresses, whether they be caused by shearing action, bending 

or direct compression, a point will be reached where any 

further increase in the stresses will result in the plate 

buckling. In other words the plate will deflect laterally, 

waves being formed along the length and breadth of the plate.

When the deflections of the plate become relatively 

large, (i.e. above its buckling load) an overall tensile 

stress is induced in the plate due to the stretching to 

which it is subjected. These tensile stresses, known as 

membrane stresses, will in turn tend to limit the rate at 

which the plate deflects. It is this facet of behaviour 

in a buckled plate which constitutes the main difference 

between plate and column buckling.

Engineers have in the past regarded the inception 

of buckling, in plate structures, as a great threat to the 

safety of these structures. However, the experimental 

research that has been carried out on plate buckling 

indicates that plate structures can stand loads of more 

than twice the theoretical buckling load, without failing. 

The development of the membrane stresses, mentioned above, 

and resulting redistribution of stress, in a buckled plate, 

prevents the collapse of the plate as a load-carrying member 

for some time after the initial buckling load.
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4.2 Methods of Measuring the Buckling Load.

In order to fully understand the behaviour of a 

plate subjected to buckling, it is necessary that one should 

be able to calculate the buckling load of the plate and measure 

the internal stresses in the plate prior to and after 

buckling. The evaluation of the buckling load for plates has 

been the subject of many experimental investigations.

The methods of evaluation tried by many investigators 

have used the fact that, according to the linear theory of 

plates, the lateral deflections of the plate should increase 

rapidly, for small increases in load, at or near the 

buckling load. As a result of this a marked break-off in 

the load-lateral deflection curve should be obtained, at or 

near the buckling load. It has been found, however, that in 

many cases this does not occur. This failure of the load- 

lateral deflection curve to show a marked break-off is due 

in the main to the initial imperfections in the plates which 

have been tested^

Even when the curves obtained do show a marked 

break-off, an evaluation of the buckling load from the curves, 

as they are, is still a matter of personal judgment and 

hence subject to error. It has been suggested ^^ that an 

evaluation method called the "Methods of Tangents" be used. 

Since, in general, the variation of lateral deflection prior 

to buckling is relatively linear, and since after buckling the 

membrane stresses tend to make the load-lateral deflection 

curve linear, the drawing of tangents to these two sections 

of the curve will result in the intersection of the tangents.
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The intersection will be at or very near a point indicating 

the buckling load of the plate. This method has the 

advantage of greater accuracy due to the standardisation of 

the recognised position of buckling load with regard to the 

load-lateral deflection curve. An illustration of the above

method can be seen in Fig.(?)»

The successful application of the "Method of Tangents11

depends on the exhibiting of a knee in the load-lateral 

deflection curve, as is true of all methods. Its advantage 

over other methods is that it does help to make a more reliable 

estimation of the buckling load when the knee is not so marked.

Another approach which has produced consistent 

results is that first mentioned by Gerard^ ' in 1946, 

Gerard plotted the variation in the differences in strain on 

opposite sides of a plate, which were due to the curvature of 

the plate caused by buckling, against the load on the plate. 

Prior to buckling, when the curvature was small, little 

difference in strain was exhibited, but with the inception 

of buckling, large differences in strain began to occur. The 

result of the induced bending strain was that a plot of load 

against strain-difference shows a marked knee at or near the 

buckling load, from which some observers have evaluated the 

buckling load by eye. As in the case of the load-lateral 

deflection curves, application of the "Method of Tangents" 

leads to greater accuracy.
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A method of evaluating the buckling load along 

similar lines to that using strain-difference values was 

mentioned by Hu, Lundquist and Batdorf^ '' and called the 

"Strain-Reversal" method. Here the buckling load is taken at 

the knee of the curve obtained by plotting the strain values 

on the convex side of a buckle against load. With the 

development of the buckles, the increase in tensile strain 

on the convex side became larger than the increase in the mean 

compressive strain on the plate, and thus the overall strain 

value decreased or reversed in direction0 An illustration of 

this can be seen in Fig, (8), and here again the "Method of 

Tangents" might result in the actual point of reversal being

positioned more accurately.

(47) In the above-mentioned paper x , a survey has been

made of the effect of initial imperfections on the experimental 

values obtained for the buckling load. Hu, Lundquist and 

Batdorf showed that, with increasing initial deflections, 

the break-off in the load-lateral deflection curve became less 

marked and also occurred at lower Ioads0 The curves they 

obtained can be seen in Fig«(9)» Similar variation in results 

was experienced when the Strain-Reversal and Strain Difference 

methods were used, as can be seen from Figs. (8) and (10),

If a comparison is made of the results obtained by 

applying the "top of the knee" method and the "Method of 

Tangents" to load-deflection and strain difference values, 

with the results obtained from the strain-reversal method, 

it is found that the strain-reversal values are less than the 

top of the knee values and that the "Method of Tangent" values
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lie between these two extremes (see Fig,(9))» It is 

interesting to note that all three methods give results 

less than the theoretical critical buckling load and that 

the strain-reversal values are the most conservative.

Another method which has been used with varying 

success by a number of investigators is the so-called 

Southwell plot-method ^43\ In a few cases ^ 38^» (^ • 

investigators have reported success in its use but, on the 

other hand, its application ^ '* ^ ' has proved a failure. 

Hu, Lundquist and Batdorf have made a critical examination 

of the application of the Southwell Plot method to plate 

buckling,, From their results, Fig. (ll), it can be seen that 

it is necessary for the deflection curves of the plate to 

approximate to a rectangular hyperbola before the Southwell 

Plot method can be successfully applied. In practice, even 

for a perfectly flat plate, the agreement is poor; it is, 

however, much closer in the case of a column. It can thus 

be concluded that the Southwell Pilot method may not be expected 

to give, in general, satisfactory results when applied to 

flat plates.

An interesting method of evaluating the experimental 

critical load for plates was mentioned by Massonnet * '. 

This method consisted of a study of the frequency of 

vibration of web panels subjected to load. The panels were 

vibrated by a mechanical device and the frequency of vibration 

waa determined. It can be proved that for slightly curved 

plates, or flat plates with initial imperfections, the 

square of the frequency of vibration decreases until it
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reaches a minimum and then increases again. The load at which 

the frequency of vibration of the plate becomes a minimum is 

then the critical load of the panel.

Massonnet attempted to apply this method to the 

panels of a large plate girder under load. Although the method 

was successful with a number of pilot tests carried out on a 

smaller girder, it gave conflicting results in the case of 

the larger girder* The reasons given for this were that the 

smaller girder had much flatter panels than the larger girder. 

It was afterwards abandoned by Massonnet as a method of 

analysis.

In order to ensure that as much success as possible 

is obtained from the aforementioned methods of analysis using 

lateral deflections, strain difference or strain-reversal, 

the dial gauges or strain gauges used should be placed as 

near the cres-fe of a buckle as possible. It is possible to 

gauge these positions by observation or from a consideration 

of the position of the panel with respect to the load points. 

If, however, the position of the buckles must be known accurately, 

then the best known methods of achieving this aim are the 

Brittle Lacquer and Contour Plot methods.

In the Brittle Lacquer process, a special lacquer is 

coated on the plate and allowed to dry and harden* When the 

plate is then subjected to stress, cracks occur in the lacquer 

coating at right-angles to the direction of stress. The 

density of cracking at any point is then an indication of 

the stress concentration at that point. In the Contour Plot 

method, a series of spot readings is taken with a deflection
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CHAPTER (3) 

THE EXPERIMENTAL INVESTIGATION

5*1 The Object of the Experiments

As has been shown earlier, when the panels of a 

plate girder are subjected to pure bending stresses, the web 

buckles into a series of vertical waves, the wavelength of 

which is approximately equal to half the depth of the panel. 

The most efficient way of combating this tendency to buckle 

is to stiffen the webplate horizontally.

Up to the present time, no exhaustive series of 

experiments have been conducted to see what effect varying 

the rigidity of horizontal stiffeners has on the stability 

of webplates subjected to pure bending stresses. Another 

point which has received scant attention is the behaviour 

of combinations of transverse (or vertical) and longitudinal 

(or horizontal) stiffeners under the above type of stress.

Thus the object of the experiments described 

hereafter was to provides- 

!• Information on the variation of the coefficient of

stability (k) of the plate with the relative rigidity 

( )f) of the horizontal stiffeners,

2. The interaction of vertical and horizontal stiffeners.

3. The influence of stiffener rigidity on the ultimate 

load carrying capacity of stiffened webplates„

4. The behaviour of webplates in the post-buckled range. 

The main objective of the tests, however, was to 

obtain relationships between k and V for various positions 

of the horizontal stiffeners,,
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5«,2 Description of the Apparatus Employed

The girders used for the test were of bolted 

construction. This type of construction was used because 

it was then possible to fabricate them in the Engineering 

Department" s workshop at the University College of Swansea, 

and thus a close watch could be kept to ensure that the web 

plates were perfectly flat when the girders were completed.

All the girders used were of the same overall 

depth and length, the only differences being in the variety 

of web thicknesses used e The girders (see Fig. 12) consisted 

of three separate webs connected together with two flange 

angles top and bottom and two groups of four bearing angles 

at both the inner and outer load points.

The webplates used for the two end sections were 

all approximately a quarter of an inch in thickness in order 

that the shear stresses acting in these sections should be low. 

The webplates used for the centre section were of thicknesses 

varying between sixty-four and forty thousandths of an inch, 

giving depth to thickness ratios varying from 250tl to ifOOjl. 

The theoretical buckling loads were thus well within the 

elastic limit of the material. In order to compensate for 

the differences in thickness between the webplates, packing 

pieces were usede All the material used for the girder, 

except the bolts, was H/10/WP Aluminium Alloy (53). This 

particular alloy of aluminium was used since there was no 

marked difference in its tensile and compressive properties 

and it had a high yield point e Half inch diameter mild steel 

bolts were used throughout the*tests*
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The testing apparatus (see Pigd3) was designed so 

that none of the applied loads would act on the floor of the 

laboratory. The weight of the apparatus was taken on a large 

area of the floor, there being provision for levelling the 

base girders, the stability of the arrangement being ensured 

by small cross beams. All load points on the base girders 

were provided with bearing stiffeners e

For earlier non-destructive tests, the loads from the 

hydraulic jacks were applied through hydraulic measuring 

capsules and three-quarter inch diameter silver steel bars 

directly onto the lower flanges of the test girders. Thus 

the girders were free to rotate in the vertical direction. 

The direct loads were taken by the bearing stiffeners of the 

test girders and the reactions provided by three inch diameter 

steel bars directly onto the upper flange,

For the remainder of the tests, a cap and ball 

arrangement was inserted between the hydraulic pressure 

capsules and the lower flanges of the girder. At the same 

time, vertical guides were set on either side of the end 

bearing stiffeners and the reactions acted through half round 

bars of one and a half inch diameter fixed to the flange over 

these stiffeners and along the centre line of the webs. This 

particular arrangement was used for all the tests to failure,,

The hydraulic pressure capsules were maintained in 

position over the centres of each jack by a plate machined to 

fit the diameter of the jack cylinder on one face, and the 

diameter of the pressure capsule on the other face. The 

pressure capsules being graduated in half-ton intervals and 

having a stated accuracy of +
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The stiffeners used throughout the tests, with one 

or two exceptions, were small channel sections, of HE/10/WP 

aluminium alloy. This type of section was adopted since it 

was then possible to make stiff eners of varying rigidity from 

equal areas of the same channel section* In this way, the 

number of different sections required was limited to five, 

and hence the width of stiffener is contact with the web kept 

reasonably constant.

It was necessary when taking measurement of the 

lateral deflections to ensure that there was no relative move 

ment between the gauges and the plate. To do this, a rig was 

used which consisted of round bar fixed between two brackets 

bolted to the inner bearing stiff eners at mid-height. One 

end of the bar was held to one bracket by a spring and the 

other end was held to the other bracket by a spring and a bolt 

through the bar, and screwed into the bracket (see Fig.lJf), 

Thus the bar was free to rotate with the girder so that no 

internal stresses could build up.

The measurement of the strains set up in the plates 

under load was carried out with strain gauges connected to a 

fifty-way strain gauge recorder«, This enabled direct reading 

of the percentage increase of resistance of gauges with load, 

and hence calculation of the strains and stresses set up ^ '•

This apparatus was sensitive and very accurate, and 

provided the best known means of measuring the stress or strain 

distribution for the plates. Various type of strain gauges 

were used, but it was found that the self-adhesive type were
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"by far the best. This type of gauge was found to be the 

easiest to fix to the plates and to connect to the wires, and 

the results from them were more consistent than those obtained 

from other types of gauges.

For all the tests, the panel between the jacks, 

which was subjected to the pure bending stresses, was split 

up into three equal areas by double-sided vertical stiffeners, 

For most of the tests, the vertical stiffeners used were of 

high rigidity. In order to ensure that no radial compressive 

effects from the loads came into plate, the centre one of 

these three panels was the source of practically all the test 

resultSe During the latter end of the testing programme, a 

contour plot was carried out on this panel. This was done by 

using a number of jigs placed across the bolt lines along the 

tension and compression flanges. These jigs were bolted tight 

on one flange and free to slide on the other so that no 

internal stresses could be built up, A grillage of holes 

drilled through the plates enabled the construction of 

contour plots for the plates from the lateral deflections 

measured at known co-ordinates on the plates (see section 

6.2, Fig. (31)).

By using the apparatus mentioned above, it was felt 

that good results of practical significance would be obtained. 

Careful thought was given to each item to ensure that the most 

efficient use was made of the resources available.
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The drilling of the thin plates to take the bolts 

by -which the stiffeners were attached, was quite a difficult 

problem* In all cases, the holes for the vertical stiffeners 

were drilled first as there was a shorter span of plate, and 

the stiffeners then inserted. By this means there was a 

reduction in the likelihood of bowing the plate when drilling 

the holes for the horizontal stiffeners,, Some trouble was 

still encountered so, with the later girders, steel jigs, 

clamped on either side of the plate, were used. This greatly 

strengthened the plates during drilling and the initial bowing 

was reduced to negligible proportions,, 

5.3 Experimental Procedure

This section discusses, generally, the pattern which 

the testing programme tookj detailed discussion of the results 

i given in Chapter (6),

As a preliminary to the investigation proper, a strain 

gauge test was carried out on a girder with a web, 0«06V* thick, 

in the central section* Strain gauges were placed on both 

faces of the plate at the vertical centre line so that the 

stress distribution across the section could be calculated 

from the results.

The girder was provided with a double-sided horizontal 

stiffener, midway between the neutral axis and the compression 

flange. The strain readings were taken at the tensile and 

compressive edges of the webplate, at mid-depth and midway 

between the centre line of the horizontal stiffener and the 

compression edge of the plate« From the results obtained, a 

comparison was made with the theoretical stress distribution
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for a plate girder in pure bending. The agreement between 

the two strain distributions was found to be complete for all 

practical purposes. It was thus concluded that the apparatus 

was functioning in the desired manner.

Once it had been established that the apparatus 

was working properly, a start was made on the investigation 

proper0 The projected experiments were along two distinct 

lines| non-destructive tests to obtain the k/}f relationship 

for the plates, and destructive or failure tests on girders 

to investigate the post-buckled behaviour of the plates.

For the non-destructive tests, repeated experiments 

were carried out on plates of various thicknessesj different 

sizes or spacing of stiffeners being used i'or each test. As 

was seen in a number of the experiments described in Chapter (3)> 

as long as the elastic limit of the material is not exceeded in 

the "tests, there is a negligible difference in the profiles of 

the plate before and after testing.

Altogether, eight complete series of tests were 

carried out on plates with varying rigidities of horizontal 

stiff eners, and one complete series of tests was carried out 

on a plate with a constant size of horizontal stiffener but 

with varying inertia of the vertical stiff eners. In addition 

to the above, a few tests were carried out with a line of 

stiffeners at mid-depth and with two lines of horizontal 

stiff eners, one at mid-depth and one at a fifth of the depth 

from the compression flange.
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For six of the eight complete series of tests with 

varying horizontal stiffeners, the stiffeners were positioned 

along a line through a point a quarter of the clear depth of 

the plate from the compression flange. Throughout these tests, 

the centre panel was divided into three equal portions, by 

rigid vertical stiffeners made from the small channel section.

The six series of quarter depth stiffener tests 

were mainly in the form of lateral deflection readings taken 

with increasing load, although in many cases strain gauges 

were also used. The lateral deflections of the stiffened 

plates were taken at quarter-ton intervals from zero load 

up to loads above the buckling loads. Of the six series, four 

were carried out on a girder with a plate, 0,06V thick, and 

depth to thickness ratio 25C$1, and two were carried out on 

a plate, 0»056" thick, and depth to thickness ratio 286sl, 

Different areas of stiffener were used for each series of 

tests«

The first four series of tests consisted of two 

series of double-sided stiffeners and two series of single- 

sided stiffeners e The ratios between the cross-sectional 

areas of the stiffeners and the cross-sectional areas of the 

clear depth of the plate were 20^ and 25jfc for the double- 

sided stiffeners and 1C$ and 12.5^ for the single-sided 

stiffeners. For each series, approximately thirty different 

stiffener sections were used« In some cases, strain 

distributions were carried out to keep a check on the 

bending stresses 0 A close watch was kept on the girder for 

any signs of twisting*
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The two series of tests on the girder of depth to 

thickness ratio 286s1 consisted of one series of double-sided 

and one series of single-sided stiffeners. The area ratios 

used were 22.5$ and 14»3^ respectively. As for the previous 

series, approximately thirty different horizontal stiffener 

sections were used, and again load-deflection results were 

taken in each case e It was found, however, that the lateral 

deflections were greater than was expected due to some 

twisting of the girder*

The remaining two of the eight complete series of 

tests with varying horizontal stiffeners was carried out on 

a girder with a webplate 0.048" thick and depth to thickness 

ratio 333s 1» Again the central section of the girder was 

divided into three equal portions by rigid vertical stiffeners 

but, in this case, the horizontal stiffeners were along a line 

a fifth of the clear depth of the web from the compression 

flange.

For these two tests the test girder and the testing 

apparatus were slightly altered. The flange angles on the 

girder were reduced to 2" x 1-g-11 x 3/16" and the cap and ball 

arrangement and vertical guides used on the testing apparatus. 

This was done because it had been found that there was some 

twisting occurring in the second girder which tended to 

increase the lateral deflections and that the length of the 

outstanding legs of the compression flange angles was 

restricting the maximum permissible load, due to the fact 

that there was a possibility of them buckling in pure 

compression.
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The fifth depth stiffener tests were carried out on 

double-sided stiffeners of area-ratio 25% and single-sided 

stiffeners of area-ratio 12.5^, A series of load-deflection 

plots were taken for each series for varying rigidities of 

stiffeners., about thirty different stiffener sections being 

used for each test series,,

Since it was found (see Chapter (6)) that the results 

from the load-deflection plots iji these latter cases did not 

show very good stability phenomena, it was decided to carry 

out a series of strata gauge tests on the plate stiffened 

with double-sided stiffenerse This one series of tests took 

quite a long time to complete, there being about 1,500 hours 

of work involved, including preparation for the tests, in 

completing the twenty-five tests.

The series of strain gauge tests was carried out 

using gauges in the compression zone of the plate, together 

with pairs of gauges on the plate adjacent to the tension 

and compression flanges« The gauges adjacent to the flanges 

enabled a check to be kept on the overall strain distribution 

in the plate throughout the tests. Readings of the strain 

gauges were taken at three quarter or half ton intervals

of load as applied to the jacks. Prom the results, a series
i 

off load-strain difference curves were plotted and the

variations of the buckling load of the plate with the 

rigidity of the stiffeners was found.
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As was mentioned above, a series of tests was carried 

out to discover the effect on stability of variation in the 

rigidity of the vertical stiffeners using a horizontal 

stiffener of constant rigidity for all the tests. These 

experiments were conducted on the girder with a depth to 

thickness ratio of 286s 1 mentioned above. The horizontal 

stiffener used was a single-sided one of 14. ji^ area-ratio. 

The particular stiffener chosen was one whose rigidity had 

been shown to be the least required to give a maximum 

coefficient of stability, A series of lateral-deflection 

readings with load was taken for thirteen different vertical 

stiffener sections, varying from one giving a relative 

rigidity ( Q ) of 83»6 down to one giving a relative 

rigidity of 2,50. The least rigidity of vertical stiffener 

required to give the maximum stabilising effect was thus 

found.

In addition to the complete series of non-destructive 

tests already mentioned, a small number of other tests were 

conducted. In view of the structural differences made to the 

testing apparatus, a number of tests were carried out on the 

same girder using the apparatus as it was initially and as it 

was in its final form. Thus a check was made to see if there 

was any difference in the resulting experimental buckling 

coefficient in the two cases. No significant differences were 

found.
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A number of tests were carried out on a girder with 

a horizontal stiffener along the centre line. Double-sided 

stiffeners were used of area-ratio 15^o and ZQfo with 

a plate thickness of 000i»£>". As a result of these tests, 

two stiffener sizes were chosen, one of which had a rigidity 

greater that the minimum theoretical rigidity (24) required 

to give the maximum support as shown by the centre line of 

stiffener tests, and one of rigidity less than this value.

Using the two stiffeners mentioned above, a series 

of six tests were conducted with these stiffeners in 

combination with three different sizes of stiffener at a 

1/5 of the depth from the compression flange. These three 

fifth depth stiffeners were of rigidities approximately 

equal to 0 T* approximately equal to 20, and greater than 

3 0 T respectively^ Q _ in this case referring to the 

optimum experimental rigidity for fifth depth stiffeners 

alone. From these tests, an estimate of the effect of an 

additional line of stiffeners was made for plates subject to 

pure bending stresses.

The tests on the girders referred to above comprised 

all the non-destructive tests conducted to elucidate K./Y' 

relationships. It was decided, however, that as a preliminary 

to the destructive tests, to carry out a number of contour 

plots on the girders to be tested to failure. Since the 

four girders being tested to failure were of two main types, 

one with two lines of stiffeners and one with one line, a 

contour plot was carried out on each of these types.
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The main object of the contour plots was to discover 

•where the girders buckled most and the positions of the buckles, 

This was done using the apparatus described in section 6.2 

(Fig. (31)), the plots were at 0,1.5, 3, 4, 5 and 6 tons load 

on the jacks, the maximum loads being well above the buckling 

loads of the girders whose plate thickness was 0.040n .

When the positions of the buckles were located, the 

strain gauges were placed so that the stresses on the crest 

and underside of the buckles could be read. The stresses at 

these points were recorded with the strain gauges lying in 

the direction of the applied stresses at right-angles, and at 

45° to this direction. For each of the four tests, between 

forty and fifty strain gauges were used,, some of these being 

fixed to the horizontal stiffeners.

Prior to testing, the gauges were connected to the 

strain gauge recorder with the current switched on for between 

two and three hours* Incorporated in the strain gauge recorder 

were two standard 200 ohnu resistors which formed two arms of 

the Wheatstone Bridge circuit. The other two arms of the 

bridge were formed by the strain gauges connected to the test 

girder, and a set of gauges fixed to aluminium sheet. This 

latter set of gauges, equal in number and nearly equal in 

resistance to the gauges fixed to the girder, were placed 

close to the girder when testing and acted as temperature 

compensators,, This system was used for all strain gauge tests.
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When the electrical system had been given time to 

settle down, the zero readings were taken. It was found 

advantageous to allow slight zero readings to occur rather 

than spend a long time adjusting the potentiometers in 

corporated in the bridge circuit to give no readings for zero 

load. The girders were then loaded, the first six readings 

from zero being taken at three-quarter ton intervals and the 

rest at half -ton intervals. This procedure was adopted since, 

from the non-destructive tests, there was information available 

for the lower loads 9 while there was no information available 

at the higher loads. The principal object of the failure 

tests was to find the stress distributions in the post-buckled 

range, the main point of interest being the behaviour of the 

plate when the buckles became large and a fresh stress system 

was superimposed on the longitudinal compressive stresses 

of normal pure bending.

For the failure tests, the thin plates were supported 

by rigid vertical stiffeners and with horizontal stiffeners of

_ „ Where 0 _ was the least rigidity required of 
Jj It

the horizontal stiffener for it to have its maximum effect on 

the stability. Double-sided stiffeners were used throughout, 

since they have been found to be the most effective.

The results achieved from all the above tests will 

be discussed in Chapter (6) and the experimental evidence will 

be summarised in Chapter (7). The results will then be used 

in putting forward suggestions for the design of stiffened 

plate girders.
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GHAFCSR (6) 

DISCUSSION OS1 RESULTS

60 1 The Influence of Stiffener Rigidity on the Buckling; 
Load and. Deflection of Stiffened Plates

6.1*1 General

The various attempts to evaluate experimental buckling 

loads made "by a number of investigators have "been mentioned in 

Chapter (3)» A variety of methods have been used, but in the 

authors opinion and that of a number of other investigators, 

the method most likely to have given accurate results was that 

heretofore described as the "Method of Tangents". This method 

•when applied to curves of load plotted against the lateral 

deflection or strain difference of the plates, enabled 

evaluation of buckling loads for the plates, -which were 

independent of the investigator's personal judgment c

In order to find out whether the variation of the 

buckling load of a stiffened plate changed Yfith the rigidity 

of the horizontal stiffeners in any particular pattern, it 

was necessary to compare the results obtained with some 

theoretical standard. Since it was impossible in practice

to obtain simply supported boundary conditions, the curves

(22} of Massormet v 'as shown in Fig.4 and Dubas as shown in

Fig. 6, served only as a comparison in form between the 

experimental k/^ curves and the idealised theoretical curve. 

A more accurate standard was obtained for the maximum co 

efficient of stability (k) of a horizontally stiffened plate 

by using Kollbrunner0 s results * ' for triangularly loaded 

plates in the manner described in Chapter (3)»



The justification for this latter method rests on

two pointss

1. It is agreed by most authorities that a bolted or 

riveted flange provides an edge condition in close 

proximity to the fixed case, and that a rigid 

stiffener, which forms a nodal line, provides at 

least a simple support to the plate, thus one of 

the unloaded edges of the plate is fixed and the

other freely supported.

(25) 2e It has been shown by Mitchell^ ' that, for horizontal

stiff ener positions up to and including one of four- 

fifths of the clear depth from the tension flange, 

the critical section of the plate is that between 

the horizontal stiffener and the compression flange. 

The buckling stress of a plate rigidly stiffened 

horizontally was then the same as the buckling stress of an 

unstiffened plate whose clear depth was equivalent to the 

clear distance between the stiffener and the compression 

flange of the stiffened girder, the unstiffened plate having 

the edge of maximum compressive stress fixed and the edge 

of minimum compressive stresses freely supported. The 

buckling stress of such an unstiffened plate was found from 

Kollbrunner8 s values, as shown in Pig.3 curve 'c 1 , the value 

of the stress factor (c) which was applicable depending upon 

the position of the horizontal stiffener in the stiffened 

plate (e e g» for a % depth stiffener c = 0.5)«

The following values serve to illustrate the methods
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Distance of 
Stiffener 
from compres 
sion flange

0.18 d 
c

0.20 d

0.23

0.25 d

Stress K Value
Factor from
(c) Curve «G'

0.36

0.40

0.46

0.50

7.08

7.49

7.74

7.96

K. Value for 
stiffened

plate 

7.08 0 218

0.20)

0.23)

2 = 187.2

2 = 146 0 2

The values 0.18 d and 0.23 d represent the clear
c c

distance from the compression flange to the nearest edge of 

the stiffeners for the fifth depth and quarter depth positions 

as used in the experiments 0

It was interesting to note that when the above 

procedure was applied with Kollbrunner1 & curve ' a* for stress 

factor (c) values of 0.40 and 0.50, the equivalent values for 

(k) for a stiffened plate were 125 and 85. These two cases 

correspond to those investigated by Dubas and Massonnet 

respectively, who found values of 129 and 100.80 for the 

respective cases„ This difference between the two sets of 

figures was due to the continuity effect between the plate 

above and below the stiffener. This effect was much greater 

in the case of the quarter depth stiffener due to the fact 

that the buckling load of the section of the plate above the 

rigid stiffener is considerably higher than the buckling load 

of that below. The difference was negligible in the case of 

the fifth depth stiffener as the buckling loads of the two 

sections were very similar, which was as it should be 1'or 

the optimum position of the stiffener.
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The standard which was used has now been indicated, 

the next stage was to compare it with the results obtained, 

For this purpose, the treatment of the non-destructive results 

was split up into a number of sections consisting principally 

of the results obtained from double-sided horizontal 

stiffener tests, single-sided horizontal stiffener tests, and 

vertical stiffener tests,

6,1,2 Survey of Results from Plates Stiffened with 
Double-sided Horizontal Stiffeners

6.1,2.1 Stiff ener a at a Fifth Der-th

A number of series of tests were carried out on plates 

stiffened in the manner indicated. It was the series of 

tests on girder No, 3 which had a horizontal stiff ener at a 

fifth of the depth which provided buckling curves closest 

to the theoretical form, however. The girder in question 

was one in which the thickness of the centre webplate was 

0,048", thus giving a depth to thickness ratio of 333*1* 

In the above series of tests the flange angles of the girder 

were composed of 1^-" x 2M x 3/16" angles and the ends of the 

test girder at the supports were maintained vertically by 

guides,

When load-deflection plots were carried out on girder 

No.3, it was found that in general the deflection of the 

plate was small. This was attributed to the fact that the 

maximum load applied to the girder was not greatly in excess 

of the maximum buckling load of the plate. Since it was felt 

that no greater loads could be applied to the girders when 

carrying out repeated loading tests and analysis of the 

load-deflection curves obtained had been found difficult, it
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•was decided to conduct strain gauge testa on the girder. 

The rapid rate at -which the strains on opposite faces of a 

buckle diverge with the inception of buckling, made the 

attainment of accurate buckling loads from the load-strain 

difference curves likely in this case.

The load-strain difference curves obtained were in 

fact good as can be seen from Fig.(15). A number of curves 

of this nature were obtained with each stiffener rigidity 

for tests with horizontal stiffeners of twenty-five differing 

rigidities. For each rigidity of stiffener, a coefficient 

of stability for the stiffened plate was obtained from the 

average buckling load of the plate. The values obtained in 

this latter case can be seen in Fig.(16). It will be noted 

that this curve K/ Y' ^s similar in form to those of both 

Massonnet and Dubaa.

The optimum rigidity of the stiffener ( 0 _^) required 

to give the maxijjxum coefficient of stability ( k ) to the 

stiffened plate, as given in Pig. (16), was in close agree 

ment with the values suggested in a paper by Stussi, and

(55) Charles and Pierre Dubasx '» The values in the above paper

were given for stiffeners at a fifth depth with area ratios 

varying from 0 to 0,2, but since the values when plotted 

were linear, an extrapolated value for an area ratio of 25^ 

was found. (See Fig.(56)), It was this extrapolated value 

which agreed closely with the experimental value.
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The maximum value of the coefficient of stability (k) 

obtained was, as can be seen from the figure, much higher 

than Dubas* theoretical value for plates with edges simply 

supported. The actual value obtained was consistent with 

the theoretical value for the lower panel fixed on one un 

loaded edge and simply supported on the other. It was noted, 

however, that the value obtained was nearer Kollbrunner1 s 

value for the fifth depth position, taken without any 

allowance for the width of the stiffener. This latter was 

probably due to the presence of slight initial deflections 

in the plate which are unavoidable in practice and which, 

as can be seen from Hu, Lundqiiist and Batdorf's work * ^ 

(aa shown in Fig. (9)), resulted in the actual buckling load 

obtained by experiment being less than the theoretical 

value* Thus, is can be said that treating the plate, bounded 

on the one side by the horizontal stiffener and on the other 

by the compression flange, as if it were freely supported 

along cne unloaded edge and fixed along the other, is 

justified in practice.

Further evidence, which substantiated the value 

obtained for 0 jj,, is shown in Fig. (!?)• In this figure 

the variation in the central deflection of horizontal 

stiffeners with their rigidities has been illustrated for 

three load values* The points on the graph represent the 

measured deflections of each different stiffener taken at 

a constant load throughout the series, for three different 

values of constant load. These loads, represented in terms







TABI£ I

A comparison of the coefficient of stability values 
obtained from the load strain difference values of 
the plate (K) and the load deflection values of the 
plate (Rp)> horizontal stiff ener (KHS) and vertical

atiffener (Kys) for Girder No0 3 with varying rigidities 
( ft ) of horizontal stiffeners

1.
2.

3.
4.
5«
6.
7.
8.
9.

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

V0

7*04
7.9
8.80
9.75

10.77
12.95
15.3
18.47
20.0
22.0
24.0
26.0
28.0

30.0
35.0
40.0
45.0
50.0
55.0
60.0
65.0
70.0
80.0
90.0

100.0

Average
Av.belowaL
Av.AboveOL

7i
77
71
78
79.5

104
83

103.5
132
121.5
143
154.5
155
172
176.5
192
193
176
193
193
193
193
205

197
191

192.6

Kp

76
84
-

82
72
90
96

108
-

133
143
135
142
157

-
_

172
183
206
220
171
187
208
209

212

197.7

•if
SB

72
70
-

76
71
87
93

102
-

119
136
135
143
148

-
-

181
184
20JL
203

-

188
193
210
212

192.S

VS

82
-
-
-
-
-
-
-
-
-

131
-

168
163

-
-

197
164

-
201

-

187
197
200

204

K-40™F
4.4
4.34
3.52
3.90
3.67
4.94
2.82
3.44
4.60
3.71
4.25
4.40
4.11
4.40
3.90
3.80
3.40
2.72
2.78
2.55
2.35
2.18
2.07
1.74
1.51

4«03

Kp-40 ~™

5.1
5.6
-

4.3
3.0
3.9
3.7
3.7
-

4.2
4.3
3.70
3.60
3.90
-
-

2.9
2.9
3.0
3.0
2.0

2.1

2.1

1.9
1*7

3.93
4.08

*asie•IT

4.5
3.8
-

3.7
2.9
3.6
3.5
3.4
-

3.6
4.0
3.70
3.70
3.60

4MB

-

3.10
3.90
3.1
2.7
-

2.1

1.9
1.9
1.7

3.67^

SB.
Kp

0.948
0.833

-
0.926
0,986
0.967
0.968
0.945

-

0.893
0.950
1.00
1.008
0.942

-
-

1.052
1.006
1.028
0.923

-

1.005
0.927
1.005
1.000

0.966
0.947
0.993

?hfs_
Kp

1.08
-
_
-
<_
-
-
-
-
-

0.915
-

1.182
1.040

-
-

1.148
0.897

-
0.914

-
1.000
0.942
0.956
0.962

1.003
1.054
0.974
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of the coefficient of stability (k) required of the plate 

to resist them before buckling, are K equal to 100, 150 and 

175» All three curves have shown that a horizontal 

stiffener of rigidity ( 0 ) approximately equal to forty 

has sufficient stiffness to restrict deflection to a minimum. 

Ho points are shown on the flat portion of the curve, that 

is for values of rigidity ( 0 ) greater than forty, since 

there was very little scatter.

It is interesting to note (see Fig.(l8)) that the 

results obtained from the deflections of the plate, the 

horizontal stiffener, and the vertical stiffener on girder 

No»3, do show distinct similarity with the curve in Fig.(l6). 

When the plate was stiffened with a horizontal stiffener of 

rigidity less than v „,, the deflection results indicate a 

straight line increase in the strength of the platej there 

also being relatively little scatter in the results. For 

rigidities above 0 TH, however, the scatter in the results 

was more marked but the curve from Fig. (16) superimposed on 

the deflection curves indicates some agreement in the two 

sets of results, particularly as regards the value

The relationship between the two types of results is 

illustrated more fully in Table I, which gives a comparison 

of the values obtained. It can be seen that the variation 

of the coefficient of stability (k) with the rigidity ( ft ) 

of the horizontal stiffener, for values of rigidity lesa 

than the optimum ( ^1)* cajci be approximately represented by 

the equation,, 

k m
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The average value of the maximum coefficient of 

stability obtained then was shown to be

Jc s 194*9 - (b)

Since from the forms of the curves shown in Figs.(16) 

and (18) the point -where the two sections of the curve meet 

corresponds to the value of rigidity equal to V T » by sub 

stituting in equations (a) and (b) we obtaint

194.9 = 4 V * 40

or 0 L *= 38.2

This approximate value for 5 _ was used in connection 

with the tests to destruction. For these tests « was

assumed to be equal to 40.0 and working along lines similar

(39} to those suggested by Massonnett ^-"' a factor of safety of

two was used and horizontal stiff eners of rigidity (Jf ) equal 

to 80.0 were used.

It can also be seen from Table I that the coefficients 

of stability obtained from the three portions of the girder 

with the load-deflection plots were in fairly good agreement. 

It must be realised, of course, that the actual deflections 

of the plate far exceeded those of the horizontal and vertical 

stiffeners in magnitude.

Justification for a maximum value of the coefficient of 

stability consistent with the value K-^ will be seen to be 

provided later in this Chapter by the buckling loads indicated 

by the contour plots on two other girders* The buckling 

loads obtained in the failure tests on four girders also 

indicate K values consistent with K-^,. In both the contour
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plot tests and the failure tests, the rigidity of the 

horizontal stiffeners used were equal to or slightly 

greater than twice the value

Knowledge has recently come to the author of a 

theoretical analysis carried out by Hockey and LeggettS ' 

on horizontally stiffened plates with unloaded edges clamped. 

This analysis has given a theoretical curve for the variation 

in the coefficient of stability (K) with the rigidity of 

horizontal stiffener (0 ) in close agreement with the 

experimental curve for these variables as shown in Fig.(l6). 

6.1.2.1 Stiffeners at Half Depth

Two series of tests were carried out with stiffenera 

at the centre of the plate. The first series was with 

stiffeners at the half-depth alone and the second series 

was with both half-depth and fifth depth stiffeners.

It was found that, in the tests with a half-depth 

stiffener only, the values of buckling load obtained were 

constant for all practical purposes, as can be seen in 

Fig,(19), This conflicted with Hampfl's value for an optimum 

rigidity (^j) of 10, but was consistent with that due to 

Chwalla, whose figures were used for DIN.4114, The value 

suggested in the German specification was 1,3, which was 

below the minimum value of a used in the experiments, but, 

since in the tests there was no drop in the buckling load 

even when the rigidity ( 2f) was reduced to a value of 3«0, 

1.3 was likely to be sufficient.
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The actual value of the coefficient of stability (K) 

indicated by the horizontal line in Pig. (19) was in. close 

agreement with the theoretical value for a plate subjected 

to a triangularly distributed compressive stress. The 

plate in this case being of depth equal to the clear distance 

between the lower edge of the horizontal stiffener and the 

compression flange«

The buckling load values obtained from the test have 

shown that the presence of the half-depth stiff eners made 

little practical increase in the strength of the plate in 

pure bending over that for an unstiffened plate, with the 

unloaded edges fixed.

In the test with two lines of stiff eners, the same 

range of rigidities for the half-depth stiffener were used 

and, in conjunction with them, were used fifth depth stiff eners 

of rigidities equal to approximately 0,5, 1*0 and 2.0 times 

the optimum rigidity required for a plate stiffened at the 

fifth depth only0 It was found that the buckling loads, 

where two lines of stiffeners were used, showed no increase 

on the buckling load values where the plate was stiffened 

at fifth of the depth only. It was thus concluded that 

stiffening a plate at a half and a fifth of the depth 

provided no increase in the values of the buckling load 

over stiffening at a fifth depth only when the plate was 

subjected to pure bending. It was thus seen that there was 

no great advantage as far as buckling loads were concerned 

in adding a stiffener at a half-depth when the plate was 

subjected to pure bending only*
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6.1«2.3 Stiffeners at a Quarter Depth

Three series of tests were carried out with plates 

stiffened at a quarter of the depth from the compression 

flange with double-sided stiff eners. In all three series, 

however, the resulting K/5 curves had lower maximum values 

than, was expected, as can be seen from Figs 0 (20), (21) and 

(22).

Initially, it was thought that the low value from 

the first test was a result of deformation of the stiff eners 

during machining and drilling* These facets ./ere improved 

for the second series of tests and some improvement in the 

maximum value of K was obtained, but the actual value was 

still lower than was expected. In the third series of tests, 

further improvements were made in the machining and drilling 

of the stiffeners and drilling of the plate, and great care 

was taken with fitting the stiffeners but only a small 

improvement resulted.

At this point, the first girder of 0»064" thickness 

was tested to failure and the failure load was somewhat 

lower than expected. Investigation of the load at failure 

and the mode of failure showed that the principal cause was 

local crippling of the compression flange, together with a 

certain amount of twisting. It was difficult to state the 

exact cause since, during the large deformation preceding 

failure, some strains and stresses were brought to the fore 

which were not directly the principal causes of failure. 

The load at failure was, however, consistent with one

producing a stress in the compression flange which would
(51) 

result in local buckling according to Timoshenko% '•
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To counteract the tendency to local buckling, the 

outstanding legs of the angles were milled down to 2" from 

their original size of 2-g-11 on girder two, which had a web 

thickness of 0»056"» A protracted test on this girder showed 

that, again, theoretical and experimental stress values agreed 

for all practical purposes (see Fig. 23), but at the higher 

loads great overall twisting became evident.

Having eliminated the possibility of local buckling, 

it was seen that, to achieve good results, additional 

precautions against twisting must be taken. For the purpose 

of preventing twisting, guides were fitted on to the 

apparatus at the support points and all subsequent tests 

were carried out with the apparatus in this form,, The flange 

angles on the test girder were also milled down to give a 

2" outstanding leg.

It was not fully appreciated at first that even small 

amounts of twisting could significantly affect the critical 

stress of a flat rectangular plate subjected to pure bending, 

especially as this effect has not been reported elsewhere. 

However, an indication of the effect of edge rotation on the 

buckling stress of a plate subjected to pure bending has been 

given in a paper by Johnson and Noel * '• In their paper, 

Johnson and Noel gave the values of critical stress 

coefficient (k) obtained for rectangular plates, subjected 

to unsymmetrical bending stresses, where the unloaded 

compression edge was given various restraints. Their 

restraint coefficients for this edge varied between a 

positive infinity (i.e* the fixed edge case) and negative 

values. These negative values, which cause a reduction
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in the K value, could be effectively compared with the result 

of applying a twist to this flange, since a positive restraint 

implies a resistance to any tendency to deflection, such as in 

a fixed edgej so does a negative restraint imply an increase 

in deflection as caused by twisting of the edges.

It was seen, therefore, that in comparison with the 

fifth depth stiffened plate, where twisting was prevented by the 

use of guides, there was generally much less contrast in the 

rates of deflection before and after buckling for the quarter 

depth stiffened plate and there was greater deflection*, This 

can be seen from the comparative load-deflection plots(Fig,(21f)). 

Herein lay also a possible escplanation of why. Massonnet and 

other obtained low critical stresses or none at a.ji.1. in their 

tests. This would be especially so in the cate of-welded girders, 

in which the likelihood of flanges which were not at right 

angles to the plate and where twisting would result on applying 

load, was that much greater.

The curves shown in Fig0 (24) were taken from the 

results obtained for tests on a double-sided fifth depth 

stiffened girder (curve (a)) and on a double-sided quarter 

depth stiffened girder (curve (b))» The deflection readings 

were from a gauge at the centre of the plate area between 

the horizontal stiffener and the compression flange in both 

cases. The rigidities of the horizontal stiffeners in each 

case were an equal proportion of the theoretical optimum

rigidity value ( Q ) as shown by Dubas (for curve (a)) and
X*

by Massonnet (for curve (b)) 0 The value of the theoretical

critical load (W__) was based on a coefficient of stabilityTH
(k) of 129 for curve (a) and one of 101 for curve (b) 0
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The curves indicated that with comparable rigidity a 

stiffener positioned at the fifth depth will perform better 

than a stiffener at the quarter depth in that it will give a 

higher buckling load. They also indicated that in the tests 

carried out the fifth depth stiffened girders gave better 

results even when allowance had been made for their greater 

effectiveness.

The curves obtained from the tests have shown, however, 

that application of the "Method of Tangents" to the curves of 

load-deflection provided reasonable values for the variation

of the coefficient of stability (k) with rigidity (), which
(22) 

agreed in form with those predicted by Massonnet .

With the above conclusions in mind, it was decided to 

proceed with the more practically important case of stiffeners 

at a fifth of the depth. The experiments on this type of 

girder with double-sided stiffeners have been discussed in

6.1.2.1.

6.1.3 Survey of Results from Single-sided Horizontal Stiffeners 

6.1*3.1 General

Tests were carried out on a girder with single-sided 

stiffeners at a quarter depth and on one with stiffeners at 

a fifth depth. In both cases, results were recorded with 

dial gauges.

It soon became evident that the asymmetry implicit in 

a plate stiffened on one side only was going to lead to 

relatively large deflections occurring with small increases 

in load. The result of this behaviour was that the load- 

deflection plots obtained were quite often of poor quality.
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Some reasonable plots were, however, obtained and in 

particular the series of tests carried out on the girder 

with a 0.056" thick plate stiffened at the quarter depth 

point provided good results.

A typical load-deflection plot for the above-mentioned 

series is shown in Fig. (25) and the K/fc" plot obtained is 

shown in Pig. (26). The horizontal stiffeners in this series 

were made so that the ends butting against the vertical 

stiffeners helped to provide some resistance to the tendency 

of the stiffener to buckle* The average maximum value of 

the coefficient of stability (K) obtained was lower than 

Massonnet 8 ^ value but it was consistent with the plate having 

an effective simple support m ij o unloaded edges and there 

being no carry-over effect frojt the plate above the stiffener. 

This lack of a carry-over effect could be attributed to the 

fact that the asymmetry of the single-sided stiffener never 

allowed the complete formation of a nodal line because there 

was always a degree of deflection of the stiffeners.

Although this one success was obtained with the quarter 

depth stiffened plate, the load deflection plots obtained for 

the fifth depth stiffened plate were poor. This was probably 

due to the fact that the fifth depth stiffener being deeper 

in the compression zone took more load and hence deflected 

more. This greater deflection tended to obscure the stability 

phenomena in the load deflection plots.
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The increased deflect ion of the fifth depth over the 

quarter depth stiffener in the single-sided case was the 

reverse of what occurred with double-sided stiffeners e That 

this trype of fifth depth stiffener did have greater deflections, 

however, can be seen from Fig» (28) • This point of comparative 

behaviours of single-sided and double-sided stiffeners is 

illustrated further in the succeeding section* 

6olo3*2 Comparison of Single and Double-sided Stiffeners

Since it had been found impossible to obtain many 

good K/X' plots for the single-sided stiffeners, it was 

necessary to evaluate their effectiveness in some other 

waye Since, from the double-sided stiffener tests, the 

results obtained had given the pattern in which this type 

of stiffener affected the stability of plates, a good guide 

to the efficiency of the single-sided stiffeners could be 

obtained from curves showing the comparative deflections 

of single and double-sided stiffeners e

As has been mentioned above, plotting the central 

deflections of stiffeners of varying rigidity at a given 

load for double-sided stiffeners has resulted in corro- 

boration of the limiting value of rigidity for the stiffener

( K ) required for its optimum performance. This was shown 
XH

(see Fig, (l?)) by the O/O curves, reaching a minimum 

value when a stiffener of this rigidity C ^) was attached 

to the plate.
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It has "been found (see Fig. (2?)) that, when the 

comparative central deflections for single and double-sided 

stiffeners attached to plates 01 the same thickness and at 

the same position on each plate were plotted at a given load, 

a single-sided stiffener deflected much more than a double- 

sided stiffener of the same rigidity. No definite point was 

seen where the rigidity of the single-sided stiffener was 

such that a minimum deflection was obtained, but the 

deflection was seen to tend towards a minimum valuej this 

minimum value, however, being much higher than the minimum 

deflection for the double-sided stiffener. This type of 

curve has shown that single-sided horizontal stiffeners were 

not anything like as effective as double-sided stiffeners„ 

It was true, however, that from the stability plots obtained, 

the buckling load for a plate horizontally stiffened on one 

side only were shown to be much higher than the buckling load 

for unstiffened plates. It was therefore concluded that, 

while single-sided stiffeners were not without beneficial 

effect on the buckling load, double-sided stiffening was much 

more efficient.

It was also interesting to note that when the deflection, 

of the single-sided horizontal stiffeners was taken from the

o/}£ curves for the plate and plotted against the area- 

ratio of the stiffeners, a straight line graph resulted
a 

(Fig. (28)). The points on the line were obtained, as

illustrated by the small inset drawing, from the intercepts 

on the curves for the variation in the deflection ( A /t) 

with the rigidity of stiffener used. The intercepts were
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taken from the 0 —- ^/t curves so that the deflections were 

those of the plate -when stiffeners whose rigidity was equal 

to twice the theoretical optimum values ( o ) were used, 

These Rvalues varied for each area-ratio of stiffener used. 

The critical rigidity values were calculated for the quarter 

depth stiffeners using equation (11) (See Chapter (2)). 

The critical rigidity value for the fifth depth stiff ener 

was obtained from the relevant curve in Fig. (6). These 

0 — A /t curves were drawn for equivalent loads acting on 

the different thickness of plate. The rigidity-deflection 

curves did not merit inclusion on their own as they did not 

show any definite cut-off point indicating an optimum

rigidity ( o ) or that any clear cut minimum deflection li
was obtained. The straight line graph (see Fig. (28), 

showed that the deflection was a minimum when the stiff ener 

of greatest cross—sectional area was used to give a particular 

rigidity ( Q ) value. This was not surprising since it 

inferred that the stiffener whose centroid was nearest to 

the face of the plate deflected the least. Thus, if single- 

sided horizontal stiffeners /were to be used, the type giving 

the largest contact area between the stiffener and the plate 

for a given area should provide the most efficient form, 

6,1,4 Results for Vertical Stiffeners

As part of the test series, it was decided to try to 

evaluate the part played by the vertical stiffeners in the 

stability of a plate stiffened by horizontal and vertical 

stiffeners. With this end in view, a series of tests was 

carried out on a girder in which a horizontal stiffener at the
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quarter depth point and of constant rigidity was used through

out and the rigidity of the vertical stiff eners ( ) was varied,

Comparative results for three differing rigidities of 

vertical stiff ener are shown in Pig, (29) , The rigidity of the 

vertical stiff eners used in the curves shown varies between 2.5 

as a minimum and 52,72 as a maximum,, As can be seen from the 

figure, no substantial difference in the buckling load of the 

plate was obtained in the three cases. This was not until the 

rigidity of the vertical stiffeners was less than about 1,5, 

This is not really surprising since, as has been maintained 

previously, vertical stiffeners play no effective part in 

restricting the buckling of the plate unless placed closer than 

the wavelength of the buckles apart. In the case of a quarter 

depth stiffened plate, this would involve placing the vertical 

stiffeners closer than a quarter of the depth apart.

It can be seen from Fig» (30)> however, that the 

deflection of the vertical stiffeners tended to increase rapidly 

when stiffeners of rigidity ( 0 ) less than about 20 were used, 

Since the vertical stiffeners should play some part in the post- 

buckled behaviour of the horizontally stiffened plates, the 

criterion of deflection should be taken into account. With

this point of view in mind, vertical stiffeners of rigidity

(52) equal to that suggested by Rockey ' for plates in shear

could be usede Stiffeners of this rigidity would then also 

cover the case of combined shear and bending,
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6,2 Contour Plot Tests

As a prelude to conducting a number of failure tests, it 

was decided to carry out contour plot tests on the web plates 

of two of the girders, which were subsequently to be tested to 

failure. The two girders chosen for the contour tests were 

Nos. 4 and 5» Both these girders had web plates of the same 

thickness (i.e. 0.04O") but, whereas girder No*4 was provided 

with lines of horizontal stiffeners at both mid-depth and a 

fifth of the depth from the compression flange, girder No»5 had 

horizontal stiffeners at a fifth of the depth only.

The principal object in carrying out contour plot tests 

on the above two girders was to find the positions of the 

crests of buckles, formed in the plate between the stiffener 

at a fifth of the depth and the compression flange. This 

would then facilitate the placing of strain gauges at and near 

the crests of the buckles which would occur during the failure 

tests, and hence allow the measurement of the strain at these 

points*

It was also felt that, from the tests, it would be 

possible to trace the progressive development of the buckles 

with load* It was hoped that the tests would give qualitative 

values for the critical loads of the plate which could be 

correlated with accurate buckling values obtained from subsequent 

tests*

The apparatus used for carrying out the tests consisted 

of four drilled plates of steel and a dial gauge, measuring to 

one ten-thousandth of an incsn, to which a collar had been 

attached. The steel plates were attached to the girders in the 

position shown in Fig. (31). The hole at one end, which was
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9/16" in diameter, made possible the fixing of the plates to 

the %* diameter bolts of the compression flange by using an 

extra nut* The same procedure applied for the other end, 

except that in this case, 9/16" -wide slot enabled the plate 

to slide, so that the plates would provide no vertical 

stiffening for the girders.

With the plates in position, the plunger of the dial 

gauge was inserted through each hole and pressed up against 

the web plate until the collar, fixed to the sleeve of the 

plunger, was tight up against the outer face of the steel 

platej the reading of the dial gauge was then taken* This 

procedure was repeated for each hole at aero load and then 

successively at loads of 1*5» 3> 4> 5 and 6 tons. The 

deflection of any point at any of the loads was obtained by 

subtracting the zero load readings from the readings of the 

dial gauge at the particular load»

It was decided to use the deflections of the plates at 

the 6 ton loads for plotting the buckle contours of the plates. 

It was thought that the contours of the plate at this load 

would have already set themselves in the pattern for failure*

To facilitate the drawing of the contours of the plates, 

charts were prepared of the actual deflection at the 6 ton 

loads with the readings set out in the same pattern as the 

holes in the plates, and hence the same pattern as the co 

ordinates of the points of contact of the dial gauge on the 

plates. It was then possible to indicate the approximate 

position of the contour on the plate by inserting the number 

Of the contour (e.g. *2 for -MD*020M , -2 for -0.020"), 

between the rows of figures on the chart* The groups of
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figures of the same order then followed approximately the 

paths of the particular contours* This can be seen from 

the followings

1.41 0.19

0.08

0.09

+ 0006

By using the above method, the contours of the centre 

panel of girder No.4 under a load of 6 tons were obtained as 

shown in Fig. (32). It is obvious from the figure that the 

critical section of the plate, as regards buckling, is the 

area between the horizontal stiffener at a fifth of the depth 

and the compression flange. The buckling of the plate in this 

area is shown in more detail in Fig. (33)« The same method as 

quoted above was used to find the contours of girder No.5 as 

shown in Fig. (34).

From Figs,, (32), (33) and (34) it can be seen that the 

buckle patterns of the two girders are similar in many ways. 

The fact that only six half-waves are shown in the bottom half 

of Fig. (34) is due to the fact that the bolts, to which the 

steel plates for contour plotting were fixed, were offset a 

little towards the left of the panel. It was thus not possible 

to take readings as far into the right-hand corner as was 

desired, so that there was a slight gap in the readings in 

this area. It can be seen from the figure, however, that the 

beginnings of a buckle were picked up in this area and the
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fact that the length of the half-waves in both girders was 

practically identical, seems to indicate that there were 

actually seven half-waves in this area of girder No»5<>

In both girders it was found that the buckles between 

the compression flange and the fifth depth stiffener lay 

along a line approximately midway between the inner edge of 

the compression flange and the edge of the horizontal 

stiffener nearest to the compression flange. It was from 

these facts, that the centres of the buckles were midway 

between the two lines described, that the wavelength of the 

buckles was known, and that the distance from the middle 

buckle to the centre of the plate was found, that the positions 

for the strain gauges in the failure tests were decided on,

Pigs « (32) and (34) provide a comparison of the 

deflections of a plate stiffened horizontally by two lines 

of stiffeners and one stiffened horizontally by a single line 

of stiffeners. As was pointed out in preceding paragraphs, 

the form of deflection below the fifth depth stiffener is 

practically identical, thus it is the other sections of the 

plate to which we must look to discover whether the presence 

of the additional stiffener has made any appreciable 

difference.

The figures showed that in the area between the centre 

line and the fifth depth line, the form of buckling was 

similar (almost three half-waves can be seen in each case), 

but the buckles were slightly greater in magnitude where there 

were two sets of stiffeners. Above the centre line there is 

appreciably more deflection where the plate has two lines of 

stiffeners than there is in the case where the plate is
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strengthened by the use of one stiffener only. The reasons for 

this difference probably lie in the fact that these centre 

stiffeners are fairly light and hence tend, due to machining 

and other causes, to be slightly curved. This curvature 

causes the plate to bulge one way and the action of compressive 

forces have accentuated this further. This could perhaps be 

avoided by making the centre stiffener heavier, but this 

procedure would make them increasingly uneconomic. From the 

evidence available it would seem on the whole, that for pure 

bending, one line of horizontal stiffeners is more effective 

than two.

The progressive development of the deflections of the 

webplates along lines midway between the compression flange and 

fifth depth stiffener of girders Nos« 4 and 5 have been shown 

in Figs. (35) and (36) respectively. Fig. (35) shows that for 

girder No«4 the plate remained reasonably flat up to about the 

3 ton load, then between a load of 3 and 4 tons the plate began 

to buckle, and by the time the 5 ton load was reached, the 

buckles were fairly well defined,, It is interesting to note 

that it was not until the load had reached 5 tons that the 

deflection of the plate became greater than its thickness. 

It would seem from this figure that buckling load of the plate 

lay between 3 and 4 tons, but it was not until the plate was 

loaded to 5 tons that the deflection became relatively large.
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In the case of Fig. (36) and girder No*5, the plate 

remained reasonably flat almost up to a load^of 4 tons. The 

beginnings of the buckle pattern can be seen at this load, but 

it was not until the 5 ton load was reached that buckles became 

at all defined. It may be seen fron this last figure that the 

deflection from crest to trough of the waves has nowhere quite 

reached the thickness of the plate in dimension. It may be 

concluded from the foregoing that the buckling load of the plate 

in the case of girder No,5 occurred at or slightly above a load 

of 4 tons, but not until 5 tons did the deflection become 

anything like large in dimension, 

6.3 Tests to Destruction 

6,3»1 General

In the tests to destruction carried out, strain gauges 

were used as the main source of information. Since a large 

number of gauges had to be used there was an abundance of 

information available e In order to try to avoid confusion, it 

was decided to present the available material in a number of 

sections. The attempted approach was to treat the results for the 

four girders together as far as possible, but to split up into 

individual or pairs of girders, where special problems arose. 

6.3.2 Testing Layouts

The girders were tested in the order No,5» No.4, No,6 

and No,3, the procedure being as described in 5«3 above using 

a fifty-way strain gauge recorder, and active and dummy, or 

temperature compensating, strain gauges,,
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During the tests, recordings were taken of the surface 

strains at points on both faces of each central we"bplate and 

right across its section from tension flange to compression 

flangeo However, since the principal concern was to discover 

how far the compressive buckling of the plate affected the 

failure of the girders as load-carrying members, more strain 

gauge readings were taken in the compression zone than the 

tension zone 0

All strain gauges used were attached to the centre 

panel of each girder tested,. The exact layouts used can be seen 

from Figs, (37) to (40) inclusivee These figures illustrate 

that in the main the gauges were positioned on either side of 

the webplate on the vertical centre line of each girder 0 The 

notable exceptions to this rule were girders Nos. 1+ and 5> where 

the gauges between the fifth depth stiffener and the compression 

flange were grouped about the positions forecast for the 

occurrence of the crests of buckles from the contour plots 

tests. In addition, a number of 45° rosettes of strain gauges 

were fixed to the plates in the compression zone, in order to 

find the Principal Strains and Stresses„ Strain gauges were 

also fixed to the horizontal stiffeners 0

In the first test on girder No. 5 the girder initially- 

failed as a load-carrying member at slightly above eight tons. 

By the time this load had been reached the girder had developed 

a degree of permanent twiste Girder No.4 was placed in the 

apparatus and loaded up to eight tons, but by this time it could 

be seen that it also was starting to twist. It was thus un 

loaded. It was then decided to fix the girder more rigidly in 

position in the testing apparatus in order to prevent this
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twisting, although even in the abovementioned girders no 

twisting became evident until the loads were well above the 

buckling load* When the guides incorporated in the testing 

apparatus were brought closer together, the girder remained 

perfectly upright under test until the moment of failure«

Girder No»5 "was straightened and retested and, on 

this occasion, it was loaded up to above 9.5 tons before the 

girder failed,, The other girders were tested with the guides 

in the same position as for the final test on girder No«5« 

The failure load in all three cases was between 10 and 11 tons, 

6.3«3 General Stress and Strain Development

With the strain gauges set out as noted in the 

previous section, increasing load on the girders provided 

readings from which the strain across the sections of the girders 

could be measured*

From the readings obtained, the strain in the middle 

plane of the plate was calculated by taking the mean value of 

the readings of the gauges on opposite faces of the plate. The 

variation of the mean strain across the section of the plate 

was thus calculated for all four girders and plots of these 

variations were drawn for loads corresponding to various multiples 

of the experimental buckling load (W ) and are illustrated in 

in Figs. (41) to (44) inclusive.

It was seen from the figures obtained that up to the 

buckling load the measured strains were in agreement with the 

theoretical strain values for the girders calculated on the 

basis of gross area, with no allowance for bolt holes« This 

showed that the apparatus was functioning properly and that the 

girders were behaving much as expected.
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Por loads above the experimental buckling load, however, 

it was noted that the measured mean plate strain became less than 

the theoretical value between the horizontal stiffener and the 

compression flange and between the Neutral axis and the hori 

zontal stiffener. The amount by which the measured strain fell 

short of the theoretical strain in the abovementioned areas 

varied for each girder. It was seen, however, that this shedding 

of load was much more marked in the area below the stiffener than 

in that above it s and that in both areas the amount of load 

shedding increased with increasing loads,

It became obvious that the cause of this load-shedding 

was the buckling of the plate, but the mechanism by which it 

occurred is illustrated in Pigs. (4.5) to (48). The variation 

of the strains across the section on the surfaces of the plates 

with increasing load were drawn and these are illustrated in 

Pigs. (45) to (48), Up to the buckling load, the readings of 

gauges on either surface of the plate at any particular point 

in the compression zone were found to be equal for all practical 

purposes. The exception to this is girder No.4» but the reasons 

for this are discussed later in the Chapter. Above the buckling 

load, however, wide differences began to occur in strains on 

opposite faces of the plate, as can be seen frcm the figures.

It was seen that the strain on one face of the plate 

gradually became a smaller and smaller proportion of the 

theoretical strain and that the strain on the opposite face 

became greater than the theoretical strain. The average value 

of the two strains was, however, as stated above, less than the 

theoretical value.
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The explanation of this behaviour in the plate was that 

the increased curvature due to buckling resulted in a local 

bending strain being induced in. the plate and at the same time 

the out-of-planeness of the plate resulted in stretching the 

middle plane of the plate. Thus the compressive local bending 

strain on one surface resulted in the overall compressive strain 

on that surface increasing, the tensile local bending strain on 

the opposite surface resulted in the overall compressive strain 

decreasing and the stretching of the middle plane or the tensile 

membrane strain due to the out-of-planeness decreased the mean 

plate strain*

It was noticeable that the development of this pattern 

of strain was a gradual and not a sudden thing. There was no 

appearance of anything like a complete collapse of the girders 

consequent upon buckling. Although there was some load shedding, 

as indicated, this did not greatly affect the performance of 

the girders as a whole. Since the volume of material affected 

by this load shedding was small, the increase in the strain 

thrust onto the flanges was small as can be seen from Fig. (49)«

The fact that only a small volume of material was 

affected by load-shedding was due to the presence of the 

stiffener as was shown by Figs. (41) to (48) which indicated 

that the theoretical strain was maintained at the stiffener. 

This was due to the limitation of deflection caused by the 

stiffener which thus curtailed the area subjected to load 

shedding by holding its strain value. It was due also to this 

fact that there was little or no shift in the position of the 

Neutral Axes of the girders in the tests„ The overall strain
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resistance of the compression zone was so little affected by 

buckling that the need for the girders to re-adjust the position 

by providing greater compressive area did not arise.

This latter fact showed that the behaviour of horizontally 

stiffened girders in this respect was different from the behaviour 

reported for unstiffened girders (reference (43) and (44)),

A further difference in the behaviour between horizontally 

stiffened girders and unstiffened girders when subjected to pure 

bending was in the disposition of the maximum stresses and strains. 

For unstiffened girders it was shown that the stresses in the 

compression flanges were always greater than those in the plate 

(references (43) snad. (44)), This was not always so in the case 

of horizontally stiffened girders as can be seen from Figs, (50) 

and (5l)o

From Fig, (50) it was seen that at one and a half times 

the buckling loads, the actual strain measured by the strain 

gauges on the underside of the buckles was more than 1«5 timesr1
the theoretical strain ( ^ Theor,), Since the centres of 

the buckles occurred midway between the lower boundary of the 

horizontal stiffener and the upper boundary of the compression 

flange, the ratio of theoretical stresses and strains at the 

extreme compression fibre and those at the centre line of the 

buckles should be approximately 1,5, Thus in those areas of 

Fig. (50) where the ratio of the experimental and theoretical 

strains were shown to be greater than 1,5, the critical strains 

for the girders were those in the plate.
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Fig« (51) showed the relationship between the ratio 

of the maximum principal compressive stress ( & ) to the 

theoretical stress (O ) occurring in the girder with increasing 

Ioad0 It can be seen that here also the one and a half ratio 

was exceeded in all the girders e It was noticeable in both 

Figs. (50) and (51), however, that the behaviour of girders 4- 

and 5 had some unusual aspects, but these will be discussed 

later. In general (51) does show, however, that the principal 

surface stress in the web was a more critical consideration 

than the stress in the flange„

It was well to remember, however, that the strain 

readings shown by the strain gauges and the stress values 

calculated from these readings were subject to small errors 

when curvature of the plate due to buckling became pronounced,, 

The reason for this was that the actual readings obtained were 

controlled to a certain extent by the curvature of the plate 

buckles which added local bending strains to the overall com 

pressive strains« Since the bending strain varied from tensile 

to compressive across the thickness of the plate, the wires of 

the strain gauges which were separated from the plate by a 

thickness of paper, were subjected to greater bending strains 

than the surface of the plate 0 Assuming the centres of the 

wires were one and a half thousandths of an inch from the plate 

surface, the true additional strain at the plate surface due to 

local bending would be 92$ and 9J^ of the actual additional 

strain shown by the gauges for the case of plates forty-eight 

thousandths of an inch and forty-thousandths of an inch thick 

respectively. For values of load equal to one and a half times





- 100 -

the experimental buckling load the above errors would mean a 

reduction in the stress values calculated from the measured 

strain readings» The stress values would be reduced to 96^ 

of the calculated values for the .048" plate and to 95?2 of the 

calculated values for the ,040" plates.

It was interesting to note that at one and a half 

times the buckling load the values attained by the maximum 

compressive principal stresses for girders 3 and 6 were 

approximately equal to the yield stress of the plate material 

(see Fig. (52)). For girders 4 and 5, however, the surface of 

the plate did not reach the yield stress for the material until 

the load was much in excess of one and a half times the buckling 

load (see Fig. (52)). This latter fact could be attributed to 

a number of causes but, in the author's opinion, the main reason 

was basically because of the low buckling stresses c With thin 

plates, where the buckling stress is well below the yield stress 

of the material, the stage between buckling and yielding is 

lengthened due to the fact that there is wider opportunity for 

there to be sufficient growth of the tensile membrane stresses 

to counteract for some time the effect of the local bending 

stresses due to buckling. Thus the loads which produced yielding 

of the plate in plate girders were found to be approximately 

equal for the two thicknesses of plate used (see Fig. (52))»

Although, as can be seen from Fig0 (52) there was some 

yielding at the plate surface before the girders failed, the 

cause of failure was not tearing of the plate but failure of 

the flange. This illustrated the fact that, although the 

surface of the plate had in places reached yielding point, the 

greater mass of the plate was still capable of resisting greater 

load.
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The fact that the girders failed at approximately the 

same loads, despite their different thicknesses and different 

stress development, illustrates that the most impportant 

criterion as far as failure is concerned, is not at what load 

the plate will buckle, but the strength of the individual 

sections. It would seem too that the effect of additional 

horizontal stiffeners at mid-depth was negligible as far as 

ultimate load-carrying capacity was concerned. This latter 

point was brought out by the comparative behaviours of girders 

3 and 6,

It would seem that s in general, the final performance 

of each of the girders was the same0 Although the girders did 

exhibit different buckling loads and in some senses different 

characteristics, they «11 withstood approximately the same load. 

The coefficient of stability value exhibited by girder No»5 "was 

consistent with those obtained for similarly stiffened girders 

as described in 6,1, while girders 3 and 6 gave values which 

were in very good agreement with those discussed in 6,1. It has 

been shown in this section that, although buckling does result 

in a redistribution of stress and strain in stiffened plate 

girders, it does not greatly affect the ultimate strength of 

the girdero whether or not for general use a restriction should 

be put on the allowable deflection of the webplates will be 

discussed in a later Chapter, It has also been made obvious 

that the horizontal stiffening of plate girders ±n pure bending 

is greatly beneficial and that a stiffener of rigidity equal to 

twice the optimum value is sufficient to provide the rigidity 

necessary to prevent the precipitation of failure. The
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implications of the idiosyncracies in the bahaviour of girders 

4 and 5 will be discussed in the succeeding section and the 

possible provision of a stress restriction for thin plate 

girders will be discussed in the succeeding Chapter. 

6.3o4 Girders 4 and 5 and their Special Problems

It was seen in the previous section that some aspects 

of the behaviour of girders 4 and 5 were rather unusual. It must 

be remembered that girder No.5 was the first to be tested and 

initially failed in twistingc Although later re straightened 

and retested, whereupon it gave a pattern of failure which was 

followed by the other three girders, all the curves shown in 

the test originate from the first test e The reason for this 

was that, although the girder was effectively restraightened, 

the webplate was then by no means flat and its subsequent 

behaviour in the second test was altogether different.

The curves obtained from the i'irst test on girder 

No«5 showed a behaviour which was not very different from that 

of girders 3 and 6, The twisting it suffered seems to have 

resulted in a lower buckling load being obtained than would 

follow from the experimental coefficient of stability found in 

the failure tests on girders 3 and- 6 and that obtained in 

section 6«1. The principal stresses and strains obtained were 

found to be greater prior to buckling than those from girders 

3 and 6 and the effect of buckling on the stress values seems to 

have been smaller* This latter facet was partially due to the 

factors outlined at the end of 6,3«3«
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Before passing on to a detailed discussion of other 

information obtained from girder 5» it would be interesting to 

discuss the underlying facts in the behaviour of girder 4» 

The behaviour of girder 4 was more unusual than that of girder 

5 and since here no trouble was experienced with twisting, there 

must have been some other cause e Mention was made in 6,1 of 

tests carried out on a girder with a horizontal stiffener only, 

the girder used for these tests was girder No,4» The failure 

test on girder No,4 showed that its buckling load was very low 

in comparison with the other three girders, see Fig. (52) for 

example, and as can be seen from Fig. (46 ) there was some 

difference in the surface strains at half the experimental 

buckling load and quite appreciable differences in the surface 

strains at the experimental buckling load. These two facets 

of behaviour seem to indicate that the tests on girder 4, with 

a stiffener at half depth only, had resulted in initial 

imperfections in the plate of girder 4 which had not been 

eradicated when horizontal stiffeners at the fifth depth were 

added. Since the plate of girder 4 was thin, these initial 

imperfections could and did have an appreciable effect on the 

behaviour of the webplate under load. Reference also to 

Pigs. (32) and (33) shows that under a load of 6 tons the 

horizontal stiffener which should be sufficient to maintain 

a nodal line had undergone considerable deflection* Thus it 

would seem that in girder 4 we had a combination of unfavourable 

circumstances in that the plate had initial deflections and the 

stiffener was also initially slightly curved. These two factors
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resulted in the plate being quickly pulled out of its plane on 

load -which gave a reduced buckling load and early diversion in 

the surface strains.

The fact that there were initial faults and extraneous 

forces affecting girders 4 and 5 does not, however, invalidate 

the information obtained from them. The effects of these 

imperfections may in fact provide very useful information on 

the behaviour of girders with such qualities,, The distribution 

of strain gauges on girders 4 and 5 as shown in Pigs. (38) and 

(39) was such that there was ample opportunity to study the 

effects of buckling in the compression area. In fact, 

provision had been made for the measurement of the tensile 

membrane stresses which would be one of the controlling factors 

in girders subject to the above distortions.

The strain gauges 25 to 34 inclusive on girders 4 and 

5 were positioned so as to cover the crest of a buckle. From 

these gauges the values of the strains acting in a direction 

perpendicular to the flanges were measured throughout the 

tests. The pattern of variation is shown in Fig,(53) for 

girder 5 and in Fig, (54) for girder 5« Again it can be seen 

from Fig. (53) that there was initial lateral deflection of the 

webplate of girder 4 as is shown by the differences in surface 

strains exhibited by the curves for a load of half the 

experimental critical load and for a load equal to the 

experimental critical load. The curves in both Figs. (53) 

and (54) also indicate the rapid increase of the tensile strain 

at the crest of the buckle, and the position of the buckle 

crest. Fig. (54) indicated that until the buckling load was
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exceeded, there were only small tensile strains at right angles 

to the flange -which were due to the Poisson1 s ratio effect. 

After buckling, however, rapid increases in the tensile strains 

•were shown due to the stretching of the plate during buckling.

The effect of the combined vertical and horizontal 

strains at the crest of a buckle was calculated for both girders, 

Since it was known that the gauges 25 to 34 covered the crest 

of a buckle and that gauges 19 and 20 in both girders had been 

fixed so as to cover the crest of a buckle, the mean strains at 

the crest were combined algebraically to give the stresses using 

the formulae s

E E

£2 - - (ID
E E

7 7Where Ai and £.* were the measured strains, Equations (i) 

and (ii) then gives

^ - E (fa"l * -"2^' - (in)
1

(iv)

Equations (iii) and (iv) then gave the mean stresses 

acting in the plate in the vertical and horizontal direction. 

The stress in the vertical direction was then the tensile 

membrane stress caused by the lateral deflection of the 

webplate 0



FIG.55 :— THE COMPARATIVE GROWTH OF 

TENSILE MEMBRANE STRESSES 

GIRDERS 4 AND 5.
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The variations in the tensile membrane stresses for 

the two girders obtained by this method are shown in Fig, (55)» 

This figure shows that for girder 4 tensile membrane stresses 

were engendered straight from the inception of loading. This 

illustrated once more the presence of initial imperfections. 

The curve for girder 5, however, shows that there were small 

compressive stresses present in the vertical direction prior 

to buckling. This is probably the effect of the twisting forces 

acting on the girder„

It was interesting to note that above the buckling 

load the rate at which the tensile membrane stresses increased 

was greater for girder 5 than for girder 4, This implies that 

there was a bigger difference in the comparative rates of 

deflection before and after buckling in girder 5 than in girder 

4* This is to be expected since in girder 4 the tensile membrane 

stresses engendered would tend to progressively slow down the 

rate of deflection while in girder 5 there was an interim 

period for rapid deflection when there was not sufficient out- 

of-planeness of the plate to engender tensile membrane stresses. 

The tendency to deflect rapidly, however, soon resulted in a 

rapid development in the tensile membrane stresses in girder 5«

It hps been shown by Fig, (55) that for one girder in 

which there were initial imperfections there was definitely a 

sharp rise in the tensile membrane stresses consequent upon 

buckling. This figure has also shown that a girder subjected 

to a certain degree of twisting exhibits a rapid development 

of tensile membrane stresses upon buckling» It is thus shown 

by these curves that the underlying reason for this tensile



- 107 -

membrane stress development was buckling of the plate and implies 

that similar curves would be obtained from plate girders not 

subjected to twisting such as girders 3 and 6. 

6.4 Conclusions

From the tests discussed in sections 6.1, 6«2 and 6,J5» 

a number of facets in. the behaviour of stiffened plate girders 

in pure bending have been illustrated. It has been shown that 

it is essential to keep the webplates flat and that accurate 

fitting of the stiffeners is very important. It has also been 

shown that precautions against twisting must be taken. As far 

as qualitative results are concerned, it has been shown that 

double-sided stiffeners are far more effective than single- 

sided stiffeners, stiffeners at a fifth depth are more efficient 

than quarter depth stiffeners and that the presence of stiffeners 

at mid-depth does not materially affect the buckling load of 

plate girders subjected to pure bending. It has also been seen 

that the rigidity required of vertical stiffeners in a plate 

subjected to pure bending is quite low. For girders which 

operate above the buckling load, however, it has been implied 

that much greater rigidity in vertical stiffeners is required 

to limit the overall deflectione

From a quantitative angle it has been shown that 

optimum performance can be obtained from fifth depth stiffened 

girders, where reasonable precautions concerning planeity have

been taken, if stiffeners of the rigidity suggested by

(55) Charles Dubas, Pierre Dubas and Stussi x ' are used, but that

to overcome practical difficulties such as eccentricity a

factor of safety of two on this value should be used in practice.
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It has also been shewn that a coefficient of stability (K) of 

193 can be developed for fifth depth stiffened girders if 

stiffeners of the above rigidities are used.

In regard to the mechanism of buckling, it has been 

shown that although load shedding does occur and the surface 

strains on the plate do increase rapidly with buckling, the 

overall load-carrying capacity of a plate girder is not 

appreciably affected until loads well above those of buckling 

have been reached. It has also been shown that although 

buckling loads do decrease appreciably -with decreasing thicknesses 

of plate, behaviour of this pattern does not necessarily arise 

•where the question of structural failure is concerned.

As far as actual failure was concerned, it was seen 

that the webplates were capable of coping with redistribution 

of stress to such an extent that the main source of failure was 

eventually seen to be the compression flange. The mode of 

failure in this case was consistent with local crippling of

the outstanding leg of the flange angle as suggested by

(51) Timoshenko * As far as the tests discussed in 6,3 were

concerned, the additional effect of a stress in the region of 

the yield stress at the outer compression fibre was also 

present 0 It had been seen from tests described earlier in 

the Chapter, however, that this form of failure did occur when 

the compression flange was in no danger of yielding. Thus it 

can be said that the major cause of failure was this local 

crippling of the compression^flange*
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With the above conclusions in mind, the text will 

be developed and continued into Chapter (?)> 'where consideration 

will be given to suggestions for design rules based on the 

experimental evidence obtained.
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CHAPTER (7)

SUMMARY" OF EXEBKOffiHTAL EVIDENCE AND SUGGESTIONS
FOR DESIGN EULES.

7.1 General

In the preceding chapters of this thesis, mention 

has been made of other research projects v/hich have been carried 

out at the University College of Swansea on various instability 

problems in plate girders e Thus, in considering the overall 

design, it will be pi^oper to relate the present investigation 

of the effects of pure bending stresses on the buckling of 

stiffened plate girders to the buckling of girders under the 

various conditions and types of stress covered by the programme 

of research carried out to date.

It has been shown (42) that the shear buckling of a 

irebplate can be improved by the use of vertical stiffeners. 

The amount of this effect was shown to depend on the rigidity 

and spacing of the vertical stiffeners and a design rule was 

formulated for rigid stiffeners spaced at the clear depth of 

the girder apart. It was also noted that double-sided 

stiffeners suffered less distortion than single-sided stiffeners 

under this type of loading. It has also been shown (57) that 

the addition of horizontal stiffeners at mid-depth assist in 

strengthening webplates when subjected to shear and design 

rules for their use were suggested.

7.2 Stiffener Rigidity and Spacing

With the above findings in mind, it was decided when 

designing the girders for test under pure bending to use vertical 

stiffeners, the depth of the plate apart, as a primary means of



limiting deflections 0 When dealing with horizontal stiffeners 9 

experiments were made with their positioning in order to determine 

their optimum experimental position. It was soon found that it 

was much better to use horizontal stiffeners positioned at a fifth 

of the depth from the compression flange rather than stiffeners

a quarter of the depth from the compression flange. It has "been

(25) 
stated earlier that Mitchell ' had shown that the fifth depth

was theoretically the best position for pure bending, but until 

the present investigation there was very little experimental 

evidence in support of this.

It was seen from the investigation, however, that the 

use of horizontal stiff eners at mid-depth made little difference 

to the overall stability of a plate girder subjected to pure 

bending. It is worth noting, however, that, in view of their 

value in shear, the provision of mid-depth stiff eners may be 

advisable where the presence of shear stresses, however small, 

may be likely. This link up will be discussed later.

In Chapter (6), the effect of varying the rigidity of 

vertical stiff eners was discussed and it was seen that, for 

plate girders loaded up to their buckling load, the rigidity 

required of the vertical stiffeners was very low. In view of 

the deflection, however, and considering their use in the post- 

buckled range, it was thought necessary to use stiffeners of 

greater rigidity than those indicated by the experimental results. 

To cover this need, it has been suggested that double-sided 

vertical stiffeners at the depth of the plate apart be used 

of rigidity either equal to or some multiple of the rigidities 

indicated by the experiments mentioned in (42). This would 

give the minimum rigidity ( 0 ) required of 20.25, or a moment
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inertia (I) of Io85 bt , where "b is the depth of the plate and. 

t is the plate thickness,

In the case of central stiffeners, since they do not 

materially affect the coefficient of stability (K), they need 

not be used in pure bending. The presence of any shear stresses, 

as was mentioned above, may make the use of horizontal stiffeners 

in this position desirablee If this type of stiffener is used, 

then the value of rigidity needed should be governed by the values 

suggested in (57) and (58), Thus, where the aspect ratio of the 

panel is unity, the minimum value of rigidity ( Q ) required will 

be 11,25, thus the minimum moment of inertia will be 1,03 bt ,

The most effective type of stiffener for pure bending, 

as has been shown in the text, is one at a fifth of the depth 

from the compression flange. It was shown in 6,1,2,1 that the 

experiments carried out indicated the minimum rigidity ( 0 ,) 

required for a twenty—five percent area ratio horizontal 

stiffener, at the fifth depth, was 38.2, This agrees fairly 

closely with the theoretical value obtained from (55) and shown 

in Fig, (56) of approximately 37* It is interesting to note 

that the German Specification DIN, 4114 (40) suggest a mini mum 

rigidity value ( }f &) of 44.5 for this case,

In his paper concerning the tests carried out on a

girder stiffened at a quarter of the depth from compression

(39} flange, Massonnet ^'"' gives a list of theoretical values for

the optimum rigidity ( 0 L) of stiffeners. In the main, this

(40) list was compiled from the German Specification N ' but the

relationship shown for fifth depth stiffened plates subjected 

to pure bending is a new one. The formula given is



TABLE II

Optimum Rigidity ( 0 L) Values for Horizontal Stiffeners

at the Fifth Depth on Plates Subjected to Pure Bending 
for Various Aspect Ratios (a/b) and Area Ratios of

Stiffener ( S )

a 
b

0.5

0.75

1.

1.25

1.5

1.75

2.

Area Ratios ( £> )

0

6.9

11,3

17.6

24.7

31.7

37.8

42.0

0.02

7.3

12.2

19.2

27.1

35.2

42.5

48.2

0.04

7.6

13.0

20.7

29.5

38.7

47.3

54.4

0.06

8*0

13.9

22.3

31.9

42.2

52cO

60.6

0.08

8.4

34.8

23.8

34.4

45.6

56.8

66.8

0.1

8.8

15.7

25.4

36.8

49.1

61.5

73.1

Od2

9.2

16.5

26.9

39.2

52.6

66.3

79.3

0.14

9.6

17.4

28.5

41.7

56 J.

71.0

85.5

0.16

10oO

18.3

30.0

44.1

59.6

75.9

91.7

0.18

10.4

19.1

31.6

46.5

63.1

80.6

97.9

0,2

10.7

20.0

33.1

48.9

66.6

85.3

104.1
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= 3«87 * 5. lex + (8.82 + 77.6 S)

where Q<^ = a/b = the aspect ratio for the plate 

and o = the area ratio of the stiffener

For a fifth uepth stiffener of area ratio 25^o fixed 

to a plate with an aspect ratio of one, this formula gives a 

rigidity value of 37«£>9» which is in close agreement with that 

obtained by the results in (55) said the experimental results 

obtained. The formula given by Massonnet is operative over 

the range

0.5 ̂  ex SS 1.5

If the results obtained from the formula are compared with the 

results given by Charles and Pierre Dubas and Stussi (55) and 

shown in Table II, it will be found that, in general, there is 

fairly close agreement. For an aspect ratio of one there is 

very little difference between the two sets of results; for 

aspect ratios less than one, it will be found that Massonnet 1 s 

formula gives rigidity values larger than those of the Dubas 1 

and Stussi and for aspect ratios greater than one the 

Massonnet values are the lesser of the two.

Since it has been shown in general that different 

area ratios of stiffener make little difference in the form of 

K/ y characteristics, it might be suggested that the values 

of rigidity shown be used as a basis for designing stiffeners. 

It has been seen that, if a multiplication factor of two is 

used on the theoretical values, the horizontal stiffeners 

supply a satisfactory support for the plate. Thus, stiffeners
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at the fifth depth may be designed using the formula provided

(39)by Massonnet ^^'' for aspect ratios less than or equal to one

and on the values as shown in Table II from Charles and Pierre

(55) Dubas and Stussif s paper v ' for aspect ratios greater than

one, 

7.3 Design Stresses

It is generally accepted that Hencky von Mises" theory 

of constant shear strain energy of distortion is one theory of 

failure which satisfies most loading conditions. According to 

this theory, yielding will occur when the maximum comparison 

stress ®~mc» given by the following equation, reaches the yield 

stress of the material as obtained by the simple tensile tests

6- ^(T^G^+j-c- * . <5T CT - (A)
me x y ^ xy x y v ' 

where O , ^i and 7T are the stress conditions occurring in
Jw Jr ^T/

any rectangular system of co-ordinates.

When the plate buckled under the pure bending stresses, 

however, it was found that on the concave surface the stresses 

along the line of buckles and those at right angles to the buckles 

were both compressive. Since there is no shear if the values of

and O" in equation (A) are taken with the same sign, it is 
x y

found that the maximum possible value of ° is ° orme x y
when both these stress values are equalo If the maximum compressive 

principal stress at the surface is calculated, however, it is 

found to be greater than or equal to the larger of the two values

O or O' . Thus it can be considered that the maximum 
x y

principal stress on the underside of the buckle crest can be 

taken as the maximum stress acting.
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Thus it can be seen by reference to Fig. (52) that all 

the girders were in danger of yielding before they failed. At 

the present time, however, a factor of safety of 2.4 against 

general yielding is used with high strength alloys in America

'and as can be seen from Pig. (51), the maximum 

stress in a buckled plate is only twice the mean plate stress. 

Thus the mean plate stress which must be achieved before yielding 

will occur will always be at least 20 per cent greater than the 

maximum permissible stress as long as the factor of safety 

remains at 2.i|-. Thus there is no reason based on deflection or 

stress why a light alloy webplate should not be loaded up to one 

and a half times its buckling load.

In America (see (59) and (6l)) the maximum permissible 

stress for high strength aluminium alloys is given as 22,OOO 

pounds per square inch, but this is based on a yield stress of

53>000 pounds per square inch. In this country an alloy such as

C 62} that which was used in the tests * ' (now classified as H/3Q/WP)

has a rated yield stress or 0.1 per cent proof stress of 16 tons 

per square inch* Thus using the same factor of safety the 

maximum permissible stress will then be 6.7 tons per square inch. 

Thus, considering the maximum value of the coefficient 

of stability attainable from horizontally stiffened webplates, 

a design curve such as that shown in Fig.(57) could be applied 

to light alloy plate girders. This figure would apply to plate 

girders effectively stiffened with double-sided horizontal 

stiffeners at a fifth of the depth from the compression flange.
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Another important factor in the design of plate girders 

is the strength of the flanges* It has been suggested elsewhere 

that the length of the outstanding leg on a stiffener should be 

limited to twelve times the thickness of the same leg unless 

reinforced by a lip. If the same criterion is applied to flange

angles and the maximum stress in the flange is limited to 6.7

/ 2 T/.^ as in Fig. (57), there is an appreciable factor of safety

against failure of the compression flange in the manner observed 

in the tests.

Taking Timoshenko's ^ ' value for the coefficient of 

stability (K) of the angles, the factor of safety against 

failure is 1*915 for an angle whose outstanding leg length is 

twelve times its thickness and which is subjected to a stress

of 6' 7 T/in2 * 

7.4 Combined Shear and Bending

The experimental work covered by this thesis has been 

based solely on the behaviour of stiffened webplates subjected 

to pure bending, but it is of interest to relate the results 

obtained to the effect produced by additional shear stresses. 

Where the shear stresses are large in comparison with those of 

bending, design of the webplate and stiffeners will be governed 

mainly by the shear stresses, since these are then more critical. 

It would seem from the foregoing discussion, however, that the 

best arrangement of stiffeners, vfhatever the magnitude of the 

shear stresses, would be vertical stiffeners and depth of the 

plate apart and of the rigidity suggested in (42), a central 

horizontal stiffener of the rigidity suggested in (57) and a



- 117 -

horizontal stiffener at a fifth of the depth from the 

compression flange of the rigidity suggested in this thesis. 

This latter could be taken since the rigidity of stiffener 

laid down for pure bending is greater than that required in 

shear for a stiffener in a similar position (see (40) for 

example).

Where the additional shear stresses are small in 

comparison with those of bending, the same arrangement of 

stiffeners as mentioned in the previous paragraph could be used. 

In this case, the section of the webplate between the fifth 

depth horizontal stiffener and the compression flange would be 

the critical one. In this panel, the stresses acting would be 

linearly varying compressive stresses due to bending and the 

shear stresses. The buckling stress of a panel so loaded can 

be calculated from the charts provided by Wittrick * ',, The 

edge conditions of the plate on which these calculations ̂  ' 

are based was, however, that of simple support so that, until 

experimental evidence on the behaviou of practical girders of 

this type is obtained, any design will err necessarily on the 

conservative side,

7,5 Minimum Rigidity Values of Stiffeners and Rigidities 
for. "Use in Service

It has been stated that, when tests to failure were 

carried out on the horizontally stiffened girders, the rigidity 

of the fifth depth stiffener used was twice the optimum value 

for stability which was found in the experiments. The reason 

for this procedure and for suggesting that the multiple of two 

be used for design purposes was to ensure that any small
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imperfections in the stiffener would have little or no effects

(39)It has been suggested by Massonnet , however, that the

stiffeners, to be effective, should remain perfectly straight 

up to the point of failure. To attain this end, Massonnet gave 

a series of multiplication factors for the theoretical optimum 

rigidities for various positions of horizontal stiffeners and 

for vertical stiffeners. The multiples he suggested weret-

Por Horizontal Stiffenersg

at mid—depth ••o»»«»«,»,,o* 3

at the third point ••••••••«• k-

at the fourth point •*»•»»••. 6

at the fifth point ..»......« 7

Vertical Stiffenerss •».o.,.,.. 20

In the case of the fifth depth stiffener of twenty- 

five per cent area ratio with a plate aspect ratio of one, the 

theoretically required rigidity ( 0 ,) value would then become 

263.83 according to Massonnet' s formula.

In the opinion of the author, it is not absolutely 

necessary that the stiffeners should remain perfectly straight 

up to the failure Ioad0 In addition to this, the fact that, 

in all cases of failure, it was the flange which failed and 

the limitations on stress previously suggested in the design 

rules makes this specification for stiffeners unnecessary. For 

pure bending, since it has already been suggested that a multiple 

of two be used for the fifth depth value and that the rigidity 

values of the mid-depth stiffeners be taken as the minimum values 

for shear, it would seem that no additional multiplication factor 

is necessary. For the cases of pure shear and combined shear and
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bending, where the shear stresses are large, it may be found 

necessary to increase the specified rigidity values for the 

vertical stiffeners and the horizontal stiffeners at mid- 

depth.
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CHAPTER (8)

GENERAL CONCLUSIONS

!• It has been seen that, when designing horizontally 

stiffened plate girders for use in pure bending, stiffeners 

positioned at a fifth of the depth from the compression flange 

are the most efficient. It has been shown that they increase 

the buckling resistance of the plate to a much larger degree 

than stiffeners at a quarter of the depth from the compression 

flange. The horizontal stiffeners, to have the required effect, 

must be of the double-sided type and their rigidity will depend 

upon their area ratio, and the aspect ratio of the plate, in 

the manner indicated in Fig. (56) and Table II, obtained from 

Reference (55)» and the equation from Reference (39)«

2. The tests have confirmed the suggestion implied in

(42) that vertical stiffeners the depth of the plate apart should 

be used in stiffened plate girders e It has been seen that 

vertical stiffeners so placed combine effectively with hori 

zontal stiffeners at the fifth and half depth in limiting the 

lateral deflection of the plate. The best form of stiffening 

is again the double-sided type and, although the minimum rigidity 

required in pure bending is less than that required for shear, 

it was felt that extra rigidity would help to limit deflection 

in the post-buckled range. To attain this end, vertical 

stiffeners of the rigidity suggested in (1+2) might be used.
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3» A plate girder -with stiffeners of the type described 

in 1 and 2 will give a coefficient of stability (k) of 193e In 

order to eliminate the effect of imperfections of setting and 

shape, a multiplication factor of tiro should be put on the 

optimum rigidity values of the stiffeners. With stiffeners 

to this design, light alloy girders with depth to thickness

ratios up to a maximum of 400s1 (see Fig. (57)) may be designed

2 •with a maximum permissible stress of 6,7 T/in and still be in

no danger of yielding,

4» The girders referred to in 3 may be designed on the 

stated basis as long as the maximum flange stress is limited 

to 6,7 tons per square inch and the length of the outstanding 

legs of the flange angles are limited to a maximum of twelve 

times their thickness. It should also be noted that the required 

moment of inertia of the compression flange should be sufficient 

to prevent the flange buckling as a column, under the maximum 

compressive stresses to which it is to be subjected. The factors

in the lateral stability of the flange should be consistent vd.th

(47) those suggested by Duraont and Hill N '.

5. It has been illustrated by reference to theoretical 

papers and by the results obtained in practice that, in order 

to obtain reasonable stability curves, precautions must be taken 

to ensure that the webplates are as flat as possible. To attain 

this end, it will be necessary to take precautions against the 

plates bowing when fabricating deep plate girders. The methods 

of fabrication affect the planeity of the webplates considerably 

and it has been seen that it is far more difficult to obtain 

plane webplates in welded girders than it is in bolted or riveted 

girders.
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6» To maintain the standard of planeness referred to in 

5 for stiffened plates, the stiffeners used must be straight 

before fixing to ensure that no out-of-^planeness is introduced 

into the finished stiffened girder. To attain this end, in 

the case of very thin plates, it has been found necessary to 

use stiffeners of large area ratio. This helps to ensure that 

any bowing of the stiffeners, while drilling and machining, is 

kept to a minimum. The use of jigs and clamps for drilling holes 

in stiffeners which are to be bolted has been found to be an 

additional safeguard against the introduction of initial 

imperfections.

7» It should be remembered, however, that initial

imperfections will not necessarily precipitate failure of plate 

girders« It has been shown :ki the text that although the 

presence of initial imperfections will result in the buckling 

loads of the plates being lowered or masked the resulting 

stress distributions in the plates are not ones in which 

exaggerated stresses are produced. It has also been seen that 

the initial imperfect ions in the plate do not result in the 

failure loads of the girders being reduced.

8« It has been mentioned above that the use of double- 

Sided stiffeners is advocated for pure bending. Fixing 

stiffeners to both sides of the plate ensures that there is 

as little eccentricity of loading as possible and that the 

stiffeners themselves will not bow prematurely and so pull 

the plate out of its plane.
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9» When testing girders, it has been shown that all 

tendencies to twisting must be eradicated. In practice, this 

tendency to twist may be counteracted by maintaining the girders 

in the plane of the load by guides which are fixed to the 

testing apparatus,, Unless twisting is prevented, a reduction 

in the coefficient of stability and hence the buckling 

resistance of the girders will result, due to a hinging effect 

which will occur along the flanges.

10. It has been seen from the tests that an arrangement 

of stiffeners such as that suggested by Rockey ^ ', where 

vertical stiffeners the depth of the plate apart and horizontal 

stiffeners at mid-depth and a fifth of the depth from the 

compression flange are used, would be most suitable for 

combinations of shear and bending stresses,, The rigidities 

required of the stiffeners in these positions could be based 

upon values mentioned in this thesis and those contained in 

Reference (57)o Before detailed design rules can be made for 

this case, however, fufther experimental research will be 

necessary.

11+ With the rules formulated in this thesis and those 

devised from research work at the University College of 

Swansea by Dr« Rockey and others, the way is now cpen to the 

completion of design specifications for stiffened plate 

girders. Work on the type of girder mentioned in 10 would 

go a long way towards completing knowledge of the behaviour 

of stiffened plate girders under all types of loads likely 

to be met in practice.
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