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ABSTRACT 

The study reported in this thesis deals with experimental 

and analytical investigations into the collapse behaviour of stiff-

ened compression flanges of box girders. 

The experimental work described covers tests on six box 

girder models, fabricated on a realistic scale, in which the com-

pression flanges were the critical components. The tests were of 

two types: central point load tests on simply supported sections of 

box girders which simulated the conditions that occur near the 

support region of a continuous girder, and pure bending tests which 

represented, in an idealised way, the conditions in the span region 

of a continuous structure. Of the six models tested, two were 

centrally point loaded beam tests while the rest were pure moment 

tests. In one of the point loaded models pronounced shear lag was 

included in the flange. Details of the behaviour of the models are 

described for loads in the elastic range and beyond, up to collapse. 

A theoretical method for analysing the ultimate load 

behaviour of stiffened compression panels is developed. The method 

is based on the column approach in which the longitudinally stiffened 

plate between cross-frames is treated as a series of columns consist-

ing of the stiffeners and associated widths of flange plating. An 

iterative numerical procedure is used to analyse the response of such 

columns of various proportions and having varying degrees of initial 

imperfections. The theoretical treatment also includes multi-span 

stiffened panel analysis; for this analysis the plate/stiffener 

assembly is considered as a beam-column supported at the cross-girder 
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positions by springs which simulate the stiffnesses of the girders. 

The effects of continuity on the compressive strength of the panel 

are studied using this multi-span approach. Two modes of stiffened 

panel failure, namely, plate-initiated and stiffener-initiated 

failure are investigated. The buckling behaviour of plate panels 

is allowed for by using average stress-strain curves - instead of 

the material stress-strain curve - derived from elasto-plastic 

large-deflection analysis of constrained plate panels subjected to 

uniform end displacements. It is shown that the analytical method 

developed predicts satisfactorily the behaviour of the stiffened 

compression panels of the models. 

The analytical work includes a parametric study of stiff-

ened compression panels using the beam-column approach. A range of 

geometric and initial imperfection parameters which control the 

behaviour of the panels is considered. For the multi-span panels 

various patterns of geometric initial deflections in adjacent spans 

are assumed. Effective stiffener initial deflections which are 

used to relate multi-span to single-span failure are derived and it 

is shown that empirical formulations for the effective values can 

be satisfactorily used to predict multi-span panel behaviour. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

1.0 	INTRODUCTION 

In recent years, stiffened steel box girders have been 

increasingly used in bridge construction due to their economic 

and aesthetic appeal. The adoption of plated box girders as 

structural forms for bridges has also been facilitated by post-

war developments in welding and fabrication techniques. These 

new methods allowed prefabrication of structural components on a 

very large scale with the result that bridge designers ventured 

into more flexible and economic choices of structural forms in 

which plates were the principal elements. Numerous box girder 

bridges have thus been built in the last two decades. The designs 

of such bridges were, however, based mainly on the experience of 

plate girder bridges since there were no comprehensive codes of 

practice covering box girder design. Although there are some 

aspects of plate girder behaviour which are common to box girders, 

the design of a box girder involves consideration of many effects 

which are of secondary importance or non-existent in conventional 

plate girder design. The inadequacies of bridge codes to deal 

with box girder problems were highlighted by the recent collapse 

of major box girder bridges in Austria, Gt. Britain, Germany and 

Australia. Several lives were lost in these disasters. The 

British Code of Practice, BS153
(1) 

 which has been used for steel 

girder bridges does not specifically refer to the requirements 

for box girders; it was written for simply supported bridges up 
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to 300 ft in span and hence does not give guidance for the design 

of continuous structures. Inevitably, therefore, the designer 

confronted with the problems of a box girder structure has had to 

seek guidance elsewhere. Some of the clauses in the German DIN
(2) 

standards are relevant to box girder problems and thus designers 

have used these rules in the past. 

One component of a box girder that presents particular 

difficulties for the designer is the compression flange. Generally, 

the flange will consist of a relatively thin plate which may be 

either stiffened or unstiffened depending on the overall geometry 

of the girder, that is, whether it is wide or narrow. The design 

of unstiffened compression plates is covered by BS153 but the rules, 

which are based on an effective width approach, do not provide for 

any variations in the severity of initial imperfections to be con-

sidered. 

A stiffened compression flange will normally have a 

number of fairly closely spaced stiffeners in the longitudinal 

direction, and fewer, more widely spaced cross-girders or cross-

frames in the transverse direction. Such thin stiffened compress-

ion plates are not within the scope of BS153 design rules. 

Frequently, however, the stiffened compression flange has been 

designed by using the strut approach (that is, treating the stiff-

ened panel between cross-frames as a strut) based on the Perry 

Robertson formula in BS153. But, since this formula was derived 

for struts of symmetrical shapes its application to the design of 

eccentrically stiffened plates could only be a crude approximation. 

Moreover, the kind of initial imperfections that are encountered 
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in welded thin plate structures have not been covered by BS153 and 

thus the formula cannot be applied to such structures with confid-

ence. 

Following the collapse of Milford Haven (Gt. Britain) and 

West Gate (Australia) Bridges, the British government appointed a 

committee of enquiry, the Merrison Committee(3) to examine the 

methods of analysis and design used for steel girder bridges with 

a view to producing new design rules. A major programme of research 

was thus initiated. The various problems that needed investigation 

have recently been reviewed by Dowling(4). 

The initial part of the experimental work described in 

this thesis (Models 1 and 2 - Chapter 2) was already in progress at 

Imperial College, under the sponsorship of the Department of the 

Environment, at the time the Merrison Committee was set up. The 

scope of this research programme was extended by the Committee to 

include more tests on stiffened steel box girder models covering a 

wider range of parameters. Following the work of the Merrison 

Committee, a joint Department of the Environment and Transport and 

Road Research Laboratory Working Group on steel box girders was 

established, whose purpose was to co-ordinate the research pro-

grammes started by the Committee and to initiate further theoret-

ical studies. The theoretical work described in this thesis, in 

connection with stiffened compression flanges, was part of the 

research programme initiated by the Working Group. Reference (5) 

gives a summary of the basis of the various theoretical approaches 

that have been developed at Imperial College. 
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1.1 	UNSTIFFENED FLANGES 

1.1.1 	Analytical Work  

Considerable research efforts have now gone into study-

ing the buckling behaviour of unstiffened rectangular plate panels, 

which are subjected to compressive loads in the plane of the plates. 

A review of the historical development of the work on this subject 

can be found in references 6 and 7. The problems of predicting 

elastic critical buckling loads of panels with various boundary 

conditions have received extensive treatment(6-9).  However, it is 

now well recognised that the critical buckling stress of a plate 

panel does not necessarily indicate its load-carrying capacity. 

Unlike slender columns, in which the buckling load is often a good 

indication of its ultimate strength, a plate panel may be able to 

sustain an ultimate load which is considerably higher than the 

buckling load. The difference between buckling and ultimate loads 

becomes particularly important in thin plates. Moreover, a real 

plate will inevitably have initial geometrical imperfections and 

thus there will be no bifurcation of the equilibrium position; the 

plate will have lateral deflections even at low loads. At loads 

above the critical buckling values, the lateral deflections become 

large and this results in membrane stress redistribution. Under 

these circumstances, the deflections can no longer be assumed to be 

small and it is necessary to use large-deflection theory to define 

the plate behaviour. An exact solution of the elastic large-

deflection equations of the plate presents great difficulty. A 

number of approximate analyses have thus been performed. Foremost 

among the analysts dealing with this problem are Timoshenko(7) and 

Marguerre
(6). By making different assumptions regarding conditions 
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of the boundary restraints at the unloaded edges, several solut-

ions
(10,11,12,13) have since been obtained. The results of such 

analyses have often been used to obtain ultimate strength predict-

ions in conjunction with some limiting criteria such as the attain-

ment of membrane yield along the unloaded edges. 

With the increasing power of electronic computers, it 

has now been possible to carry out elasto-plastic large-deflection 

analysis of thin plates. Moxham(14), using a Raleigh-Ritz proced-

ure obtained elasto-plastic load-shortening curves; plasticity 

was included in the analysis by means of a volume integration in 

which the plate was considered to be multi-layered. Recently, 

Crisfield(15'
16) 
 has presented a finite element method. He uses 

two approaches, the 'volume approach' and the 'area approach'. The 

first approach involves a volume integral and is based on von Mises' 

yield criterion, while the second approach is based on an area 

integration using Ilyushins(17) yield criterion which assumes a 

sudden plastification through the plate depth. In both methods, 

the relationship between stress and strain in the plastic stage is 

determined by the Prandtl-Reuss(18) flow rule. 

A computer program for the elasto-plastic analysis of 

plates using the 'area approach' has also been developed by 

Frieze(19). It differs from Crisfield's program in that it uses 

the finite difference formulations of the governing equations which 

are then solved by the dynamic relaxation method. A similar form-

ulation of the 'volume approach' has been developed by Harding(20) • 

Frieze, Dowling and Hobbs have carried out a comprehensive 

study
(21) 

of the effects of geometric imperfections and residual 
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stresses in plate panels with various longitudinal edge restraints 

and subjected to uniaxial compression. Load-end shortening curves 

are presented for a range of practical plate panel slendernesses. 

These curves have been used in the parametric study (based on the 

beam-column or strut approach) on stiffened compression plates, 

described in Chapter 5. 

1.1.2 	Tests 

The major problem facing an experimentalist when testing 

isolated plate panels in compression is setting up a test rig which 

will simulate realistic boundary conditions for the panels. The 

inadequacies of much of the early work in providing the correct 

boundary conditions are pointed out by Davidson
(22) in his review 

of the post-buckling behaviour of unstiffened rectangular plates 

subjected to uniaxial compression. Recently, Ractliffe
(23) and 

Moxham(24) have conducted tests on a number of isolated plate panels 

with simply supported or clamped edges using a rig which allowed the 

boundary conditions to be more clearly defined. Both as-rolled and 

welded plates were considered. The load-end shortening curves 

obtained from these tests have been found to give satisfactory 

agreement with Moxham's theoretical solutions
(14) 

1.2 	STIFFENED FLANGES 

The load-carrying capacity of a stiffened compression 

panel can, in general, be limited by elastic buckling, elasto-

plastic buckling or yielding. Although there are methods for cal-

culating elastic critical stresses, the effects of initial imper-

fections and material non-linearity on the buckling stresses cannot 
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be assessed easily. In recent years, however, with the availability 

of test data and computer solutions on some of the complex aspects 

of plate and stiffener behaviour, several simplified methods for 

predicting the collapse loads of stiffened compression panels have 

been developed. 

The buckling modes that may occur in a compression flange 

depend on the relative sizes of plate and stiffeners. These modes 

may be of the following form: 

(1) Local buckling of the flange plate panels between longi-

tudinal stiffeners. 

(2) Local buckling of the stiffener outstand. 

(3) Buckling of the longitudinally stiffened panel between 

transversals. 

(4) Overall buckling of the stiffened panel involving both 

longitudinal and transverse stiffeners. 

The above four modes are not necessarily independent and 

they may interact with each other depending on the relative proport-

ions of the component elements. In general, modes (1) - (3) present 

the main problems to the designer; the overall buckling mode is 

usually avoided by providing sufficiently stiff cross-girders. 

There are essentially four different approaches on which stiffened 

compression panel design may be based:- 

(1) The column approach, in which the longitudinally stiff-

ened plate between cross-frames is treated as a series of 

columns consisting of the stiffeners and some associated 

widths of flange plating. 

(2) The orthotropic plate approach, which assumes that the 

stiffened plate can be treated as an equivalent ortho- 
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tropic plate, that is, the stiffener properties can be 

considered to be 'smeared' over the width of the plate. 

	

(3) 	The hybrid approach, which may be of two forms: 

(i) the approach in which the column is employed as a 

behavioural model but where the analysis involves 

further considerations, such as the use of ortho-

tropic plate properties in determining the response 

of the column; 

(ii) the approach involving elastic large-deflection 

analysis of the stiffened plate with the stiffener 

treated as a discrete member acting with an effect-

ive width of flange plating. 

	

(4) 	The discretely stiffened plate approach, in which the 

plated grillage is analysed as an eccentrically stiffened 

plate using the finite element or finite difference methods. 

	

1.2.1 	The Column Approach  

The primary consideration in any column-type analysis of 

the stiffened plate is the establishment of a procedure to allow 

for the effects of plate buckling. One approach is to assume that 

the idealised plate/stiffener column consists of the longitudinal 

stiffener and a width of the flange plate equal to the spacing of 

stiffeners, and allow for plate buckling effects by considering the 

stresses in the plate to be limited to the levels predicted by a 

buckling analysis of the plate panel. The theoretical work des-

cribed in this thesis is based on this approach. The alternative 

method is to assume an effective width of flange plating, derived 

from a buckling analysis, and then study the response of the plate/ 

stiffener column using the yield stress as the limiting stress. 
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The design method suggested by Dwight(25)  has evolved from 

an analytical treatment similar in principle to that described in this 

thesis. Dwight's design method employs a modified version of the 

Perry formula as a basis for establishing column curves suitable for 

application to stiffened plating. The modifications made to the Perry 

formula are: (a) the yield stress is replaced by a fictitious yield 

stress when considering plate-initiated column failure, (b) the imper-

fection parameter in the formula is allowed to vary so that a range of 

column curves similar to the European Column Curves
(26) is obtained. 

Both modes of column failure, that is, failure towards stiffener 

outstand and away from it, are investigated. In the former case, 

the fictitious yield stress is taken to be the local plate buckling 

stress as derived from a set of curves based on experimental
(24) 

and theoretical
(14) data on elasto-plastic plate buckling. The 

reduction in plate strength due to the presence of shear is allowed 

for by using an effective yield stress instead of the true yield 

stress. In the case where residual stress is likely to cause sudden 

deterioration of plate stiffness (a procedure for identifying this 

situation being given), a separate criterion is used to establish 

the fictitious yield stress. For outstand-initiated failure, the 

limiting stress is taken as the yield stress on the assumption that 

the outstand is of stocky cross-section so that torsional buckling 

is prevented. To allow for the orthotropic action of the stiffened 

flange between cross-frames a column of reduced effective length is 

used in the analysis. The use of the modified Perry formula to 

predict collapse loads gives this method considerable versatility 

in that the empirical parameters in the formula can be varied con-

veniently to obtain a good fit between theoretical and experimental 
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results. It should be noted, however, that the plate strength 

curves given in Dwight's design method are based on experimental 

and theoretical data relating to plates with the unloaded edges 

free to pull in. While column strength predictions from the use 

of such data might be pessimistic, the assumption that the edges 

are unrestrained does not adequately represent the conditions in a 

multi-stiffened panel, where the column-type analysis is particularly 

well suited. In such a panel, although the longitudinal edges of 

internal panels will be free to pull in, conditions of continuity 

will constrain these edges to remain straight. 

Murray(27) also adopts the column approach but uses the 

alternative method of assuming an effective width of flange plating. 

However, in the case where the elastic critical buckling stress of 

the plate is greater than the Euler stress for the column (calculated 

using the full flange width between stiffeners) the flange plate is 

considered to be fully effective. It is assumed, therefore, in view 

of the use of Perry formula, that at collapse the full squash capac-

ity of the plate can be realised; this follows from the fact that 

the Perry formula gives the intensity of loading that will produce 

yielding in the most stressed fibre of the column. Such an assumpt-

ion could, therefore, lead to optimistic strength predictions. In 

the case of more slender plate panels the effective widths used in 

the analysis are derived from consideration of the plate behaviour 

in the post-critical range. Expressions for the effective widths at 

collapse have been developed in terms of an initial imperfection co-

efficient considering both, plates with unloaded edges free to pull 

in and plates with edges held straight. Results of tests on welded 

steel plates with stress-free edges have been used to establish the 
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value of the imperfection parameter suitable for stiffened plate 

design. The shift in the centroid of the effective section 

relative to that of the gross section of the column is expressed 

as an equivalent eccentricity which is then added algebraically to 

the initial deflection of the stiffener. The collapse load is 

predicted by the Perry formula applied to the effective column. 

Both modes of column failure are considered. 

Horne and Narayanan
(28) use the effective width approach 

based on elastic large-deflection analyses of plates. However, 

unlike Murray they allow for the reduction in plate stiffness 

irrespective of the column slenderness. The stiffener outstands 

are assumed to be of sufficiently stocky cross-section so as to be 

able to develop yield at their extreme fibres before collapsing by 

torsional buckling. To allow for such factors as residual stresses, 

transverse stresses along the unloaded edges and earlier yielding 

due to the combined action of membrane and plate bending stresses, 

an empirical approach is used. It is assumed that the geometric 

initial imperfections of the plate panels can be modified to 

incorporate the effects of the above factors. Expressions for 

evaluating the effective width factor for any imperfection level 

are given. The collapse load of the stiffened panel is obtained 

by applying the Perry formula to the effective column section. 

The shift of the centroidal axis of the effective section relative 

to the gross section is converted into an equivalent initial stiff-

ener deflection which is added to the overall initial bow of the 

stiffener. Also, the imperfection parameter in the Perry formula 

is modified to avoid the failure loads of very stocky columns 
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falling below the squash loads. Stiffener-initiated failure is 

not considered. 

	

1.2.2 	The Orthotropic Plate Approach  

The method developed by Massonnet and Maquoi(29)  treats 

the stiffened plate as an equivalent orthotropic plate which is 

then analysed according to elastic large-deflection theory for 

orthotropic plates. The effects of weld-induced residual stresses 

are not considered. To allow for the effects of eccentric stiffen-

ing of the flange plate, the extensional, flexural and torsional 

rigidities used for the substitute plate are modified according 

to PflUger
(30). The failure criterion adopted is that of limiting 

' the mean longitudinal stress along the unloaded edges of the 

orthotropic panel to the yield value. An expression for evaluating 

the average stress at collapse is given. To allow for the effects 

of buckling of plate panels between longitudinal stiffeners, an 

approximate effective width approach, based on Faulkner's(31) 

formula, is used to modify the collapse stress. The main limitat-

ion of this orthotropic plate approach is that it does not allow 

for the possibility of failure occurring by yielding of the out-

stand. 

	

1.2.3 	The Hybrid Approach  

In the hybrid approach while some form of column ideal-

isation based on effective flange width is used, the calculations 

also involve allowance for the orthotropic behaviour of the stiff-

ened plate. .This is the philosophy behind the Design Rules
(32) 

(the Merrison Rules). The longitudinal stiffener is assumed to 

act with an effective width of flange plating to take account of 
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the effects of plating buckling. This effective width is derived 

from an elastic large-deflection analysis(12)  of an initially 

imperfect plate subjected to in-plane loading. The stresses in 

the plate/stiffener column are determined from a Perry-type formula, 

assuming that the initial stiffener deflection is in the critical 

buCkling mode. The failure criteria adopted for establishing the 

maximum load-carrying capacity of the column under the combined 

effects of applied stress, residual stresses and magnified flexural 

stresses are: 

(a) The total stress in the mid-plane of the flange plate must 

not exceed the average stress that would produce yielding 

on the outer surface of an initially imperfect plate; 

this limiting average stress is derived from elastic 

large-deflection analysis. 

(b) The maximum stress in the outer fibre of stiffener out-

stand must not exceed the yield stress or two-thirds of 

the elastic critical torsional buckling stress. 

In determining the effects of magnification of initial deflections, 

the elastic critical buckling stress of the orthotropic plate, 

instead of that of the isolated plate/stiffener column, is used. 

The effects of in-plane shear or transverse stresses are consider-

ed by including these stresses in the critical stress calculations; 

also a reduced value of yield stress is used, based on the von 

Mises yield criterion. By using a mixture of criteria involving 

concepts of elastic buckling, maximum stress and stress redistribut-

ion, the Design Rules have covered a number of basic considerations 

that affect the behaviour of a box girder. However, the Rules have 
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one main limitation. By adopting the criterion that failure of 

the plate occurs when surface yielding is predicted by elastic 

large-deflection theory, the Rules ignore the reserve of strength 

that may be present beyond the attainment of surface yield. 

Chatterjee and Dowling
(33) also use the hybrid behavioural 

model in their proposed design method. Loss of effectiveness of the 

flange plate is accounted for by using an effective width derived 

from simplified forms of plate panel load-end shortening curves. 

From the results of elastic, and elasto-plastic large-deflection 

analyses of initially imperfect plates
(21), it has been deduced that 

the plate panel behaviour can be described with sufficient accuracy 

by bilinear load-end shortening curves. Thus such curves have been 

established and the effective width factors for plate panels have 

been derived from these curves. The total- stresses at the mid-plane 

of the flange plate and at the tip of the outstand of the effective 

column are then checked for the applied factored axial loading and 

the bending moment due to flexure of the column; the effects of 

magnification of stiffener initial bow being included in these cal-

culations. For plate-initiated failure, the ultimate stress of the 

column is assumed to have been reached when the stress in the mid-

plane of the plate equals the limiting plate capacity as derived 

from theoretical plate analysis. The effects of any shear stresses 

are allowed for by taking a reduced value for the yield stress, 

based on the von Mises yield criterion. For outstand initiated 

failure, the ultimate stress is reached when the stress in the 

extreme fibre of the outstand attains the yield value. Limiting 

stiffener proportions are specified on the basis of the results 

obtained from elastic large-deflection analysis of stiffeners of 
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flat section. A. column with varying axial load as in a region of 

bending moment gradient is also considered. In such an analysis, 

the first two terms of the Fourier series are used to obtain the 

buckling mode, the critical buckling load, and the maximum bending 

moment for an assumed initial stiffener bow. Suitable coefficients 

have been derived for use in the Perry-type analysis. The ortho-

tropic behaviour of the stiffened panel is considered by an 

analysis of similar nature but in which the coefficients are based 

on elastic large-deflection theory for orthotropic plates. In the 

column analysis, the shift of the centroidal axis due to the loss 

of stiffness of the flange plate, and the eccentricity due to over-

all curvature of the flange are also included. 

The method developed by Rubin(34)  is based on elastic 

large-deflection analysis of stiffened plates, but instead of 

considering equivalent orthotropic plate properties, Rubin treats 

the stiffener as a discrete member acting with an adjoining effect-

ive width of flange plating, this width being that given by 

Faulkner
(31). It is assumed that both initial and final out-of-

plane deflections of the stiffened panel are in the sinusoidal 

mode along the span, but in the transverse direction the deflection 

mode is established by minimising the total potential energy. The 

calculation of energy involves consideration of bending in both 

directions, twisting of the flange plate and extensional deformat-

ions in the longitudinal direction. Torsional deformations of the 

stiffener, membrane shear and transverse deformations of the flange 

plate are ignored in these calculations. The stiffened panel is 

assumed to have reached its load-carrying capacity when either the 

longitudinal edges of the panel or the extreme fibres of the central 
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longitudinal stiffener, attain the yield stress. Graphs for 

establishing these limiting conditions are given for a limited 

range of practical parameters. 

	

1.2.4 	The Discretely Stiffened Plate Approach  

This approach involves the elasto-plastic large-deflect-

ion analysis of the stiffened panel; the plate being considered 

to be eccentrically stiffened by discrete stiffeners. An elastic 

analysis of such a plate has been developed at Imperial College by 

Djahani(35), and the approach is currently being extended to include 

elasto-plastic behaviour(36). Solutions using the finite element 

formulation have more recently been obtained by Moan and Soreide(37) 

	

1.2.5 	Review of Theoretical Work on Column Approach  

The pioneering work on treating the stiffened compression 

flange between transverse frames as a beam-column comprised of the 

stiffener and an associated width of plating was carried out at 

Lehigh University under the direction of Professor Ostapenko. The 

research related to compressive strength predictions of stiffened 

panels of the type used in a ship's hull. Since such panels must 

be designed for sufficient compressive strength to withstand 

vertical bending of the ship's hull as well as lateral loading due 

to water pressure, the work at Lehigh involved beam-columns sub-

jected to combined in-plane and lateral loading; the relative 

proportions of the component elements of the beam-columns are 

therefore not comparable to those used in a box girder bridge. 

Nevertheless, the analytical techniques developed had considerable 

scope and these have been extended and applied to stiffened plating 

used in bridge construction. 
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Following the experimental work of Ostapenko and Lee
(38) 

who observed that the stiffened panel behaviour could be analysed 

by a beam-column model, Kondo
(39) 

developed an analytical procedure 

for describing the ultimate strength behaviour of such a model. 

Rondo's analysis was restricted to plates with small b/t so that 

local instability was avoided. He assumed that the material stress-

strain characteristic was ideal elastic-perfectly plastic, and 

allowed for residual stresses in the plate and in the stiffener 

flange. He obtained the ultimate strength of the beam-column by 

a procedure which involved evaluation of moment-thrust-curvature 

relationship and determination of the relationship between the 

ultimate axial load, lateral load, and panel length. For the latter 

analysis, he established panel length-deflection curves for varying 

axial loads and then determined the ultimate strength for any given 

length from the condition of zero gradient of the load-deflection 

curve. He examined columns with both pinned and fixed ends and 

developed design charts for such columns. The results of his study 

established the effects of varying the geometric parameters of the 

cross-section. The results also showed that residual stresses in 

the flange plate can cause considerable reductions in the load-

carrying capacities of the columns. 

Davidson
(22) carried out a survey of the methods that 

were available for describing the post-buckling behaviour of long 

rectangular plates subjected to longitudinal compression. On the 

basis of some test results he concluded that for plates with large 

b/t, the elastic post-buckling behaviour was best described by 

average stress-edge strain curves as given by Koiter's equation
(40) 

Accordingly, Tsuiji
(41) 

extended the treatment of the stiffened 
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plate problem to include the effects of plate buckling in panels 

of large b/t (such a panel being defined as one whose buckling 

stress is less than its yield stress). Since Koiter's solution 

related to an initially flat elastic plate, the maximum average 

stress was limited to the membrane edge stress causing first yield. 

Results of some tests on stiffened panels gave support to this 

approach and consequently Vojta and Ostapenko
(42) 

developed design 

charts for panels with large b/t. To examine the validity of the 

assumption of a constant stress in the inelastic post-buckling 

range, Rutledge and Ostapenko
(43) 

extended the analysis further 

and arbitrarily modified the assumed portion of the average stress-

edge strain relationship. They concluded that the plate behaviour 

in the inelastic post-buckling range had little effect on the 

ultimate strength of panels commonly used in ship structures. 

By adopting similar procedures for describing the average 

stress-edge strain relationships, Parsanejad
(44) 

developed a method 

for analysing the behaviour of plated grillages subjected to 

combined axial and lateral loading. Using a step-wise numerical 

integration procedure to establish the deflected configuration of 

the grillage, he developed a computer program for determining the 

ultimate strength. He examined the scope of the method by analys-

ing some sample grillages and concluded that the method could be 

used to predict the ultimate strength but that more test data was 

needed to establish its accuracy. 

To investigate the suitability of the beam-column 

approach for analysing stiffened compression flanges of box girders, 

Mittleman
(45) 

adopted Virdis
(46) 

computer program (which was 

developed for predicting the ultimate loads of composite columns) 
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and used it to study the inelastic behaviour of some typical plate-

stiffener configurations. For stocky sections, Mittleman assumed 

the stress-strain relationship to be elastic-perfectly plastic. To 

allow for local buckling in slender plate panels, he used the aver-

age stress-strain curves derived by Moxham
(24). By treating the 

plate-stiffener combinations as eccentrically loaded columns and 

assuming the deflections to be defined by 'part-cosine' curves, he 

obtained a limited number of solutions. Both, initial deflections 

and residual stresses were considered in the analyses. This 

exploratory work was then extended by Virdi(47), who while still 

retaining the cosine wave assumption for deflections, considered in 

some detail the effects of initial imperfections and the mode of 

failure on the ultimate strength. Virdi also based his analysis on 

bilinear stress-strain characteristics for stocky sections but used 

Ractliffe's(23) experimental load-end shortening curves to study 

the influence of local plate buckling on the ultimate column 

strength. Although Virdi considered only one representative case 

of plate panel with local buckling, his results did demonstrate 

the extent to which local plate buckling can reduce the stiffened 

plate strength. 

In both, Mittleman's and Virdi's analyses, equilibrium 

was considered only at the centres of the columns in view of the 

cosine wave assumption for deflections. Recently, Little
(48) 

has 

presented a method for analysing the plate-stiffener column by 

satisfying equilibrium at several positions along the span. To 

allow for local plate buckling, Little used Moxham's theoretical 

average stress-strain curves; the limitations of using these 

curves in column analyses were indicated in Section 1.2.1. Using 
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some typical plate-stiffener configurations, Little examined the 

effects of varying the geometric parameters and initial imperfect-

ions. The results of his analyses provided the basis for assigning 

suitable values to the empirical parameters used in the design 

method proposed by Dwight(25). 

1.2.6 	Tests on Stiffened Compression Panels  

At the time that the experimental work described in this 

thesis was already underway, there was practically no information 

on the ultimate load behaviour of stiffened compression flanges of 

box girders. In the past few years, however, several tests (27,49-51)  

on the behaviour of stiffened compression panels have been reported. 

The majority of these tests have considered the stiffened panels in 

isolation. Dorman and Dwight
(49) tested twelve such panels. The 

panels were simply supported along the edges and five bays were 

used in order to isolate the centre panel from the influence of the 

end supports. The plate slenderness, b/t, varied from 33 to 50. 

Both bulb flat and flat bar stiffeners were used. Varying degrees 

of welding residual stresses and initial stiffener imperfections 

were considered. The investigation involved both, plate- and 

stiffener-initiated failures. 

Horne and Narayanan
(50) have tested a series of isolated 

stiffened panels subjected to uniaxial compression. The tests 

covered a range of variables in b/t (46 to 70), Rir (19 to 95), 

initial imperfections of various types and differing types of plate/ 

stiffener welds. Both loading and unloading characteristics of the 

panels were recorded. 
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Tests on large-scale panels have been reported by 

Murray
(27) 

(b/t = 54 to 62, 2./r = 35 to 75) and Smith 	(b/t (b/t = 

34 to 96, t/r = 21 to 66). The tests by Smith were in connection 

with the type of grillages used in ship-bottom structures. 

Massonnet and Maquoi(29)  conducted tests on six stiffened 

panels, all of which had plate panels with b/t of 48 but the pro-

portions and the spacings of longitudinal stiffeners were varied 

(t/r = 46 to 120). To simulate realistic boundary conditions, the 

stiffened panels were built into U-section girders so that the 

panels formed their compression flanges. The girders were then 

subjected to pure bending moment. Of the six panels tested, results 

of the first three panels have been published
(29)

; in these panels, 

initial stiffener deflections were in the direction of the plate and 

collapse also occurred in this direction with local buckling of the 

stiffener outstands. 

Tests on complete box girder sections such as those des-

cribed in this thesis were undertaken by Dibley and Manoharan(52).  

They considered an 8 ft x 3 ft x 140 ft continuous two-span box 

girder. The main objectives of their tests were to investigate the 

effects of shear lag and to study the moment distributions in the 

girder up to collapse. The tests indicated some shear lag at the 

support region but at other locations the behaviour was influenced 

by the presence of bolted splice joints. On the whole, shear lag 

effects were not properly demonstrated due to inadequate strain 

gauging. 
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1.3 	SCOPE OF THESIS 

The research work described in this thesis covers: 

(a) Tests on six steel box girder models to study the 

collapse behaviour of the stiffened compression flanges, 

and to assess the influence of shear lag on flange 

behaviour. 

(b) Ultimate load analyses of stiffened compression panels, 

based on the column approach (or beam-column approach as 

it is referred to in this thesis). 

In the analytical work, an iterative numerical procedure 

is developed to generate information about the behaviour of panels 

of various proportions subjected to axial thrusts. Varying degrees 

of initial imperfections are considered. Both modes of failure, 

that is, plate-initiated and stiffener-initiated failures are in-

vestigated. The buckling behaviour of plate panels is allowed for 

by using average stress-strain curves as derived from elasto-plastic 

analysis(21)  of constrained plate panels subjected to uniform end 

displacement. 

In addition, the analysis is extended to multi-span 

stiffened panels in order to establish the effects of continuity on 

the compressive strength of the panels; geometric imperfections of 

various patterns and magnitudes are considered for this study. A. 

method of analysing a grillage of beam-columns, that is, a series 

of beam-columns supported on discrete transverse stiffeners, is also 

presented. 
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1.4 	LAYOUT OF THESIS 

Chapter 2 describes details of the box girder models, the 

testing procedures and the behaviour of the models up to collapse. 

In Chapter 3, a method of analysing the stiffened compress-

ion panel as a beam-column is developed. The effect of continuity of 

spans is considered by assuming the beam-column to be supported by 

springs which simulate the stiffnesses of cross-girders. The extens-

ion of the beam-column treatment to grillage analysis is described in 

the appendix to Chapter 3 (Appendix A). 

In Chapter 4, model test results are compared with the 

theoretical predictions obtained by the method developed in Chapter 3. 

Chapter 5 describes the results of a parametric study on the 

ultimate load behaviour of single-span and multi-span beam-columns. 

Chapter 6 contains the conclusions of the research programme 

and suggestions for future work. 
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CHAPTER 2 

TESTS.  

2.0 	INTRODUCTION 

The tests described in this chapter formed part of a 

programme of research into the behaviour of steel box girders and 

their components. The purpose of the experimental programme 

was to carry out ultimate load tests on model box girders with 

components of varying proportions and to obtain data on the 

various aspects of box girder behaviour. In all, ten models were 

tested. Since this thesis is concerned with compression flange 

behaviour only the results of those tests in which the flange 

elements were critical are described. Of the ten models tested, 

six were designed specifically to produce compression flange 

failure. Details of these models and their behaviour up to 

collapse are discussed in the following sections. 

2.1 	DESCRIPTION OF TESTS 

2.1.1 	Outline of Test Types  

The tests carried out were of two types: (a) centre 

point load tests on simply supported models simulating the condit-

ions near the support region of a continuous box girder bridge; 

and (b) pure bending moment tests representing approximately the 

conditions in the span region of a continuous girder. Of the six 

models described herein two were tested as centrally loaded beams, 

while the remaining four were subjected to uniform bending moments. 
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One of the two centrally loaded models was tested primarily to 

investigate the influence of pronounced shear lag on the collapse 

behaviour; the model was loaded such that the centre point loads 

acted directly on the webs while the central support diaphragm was 

omitted. 

2.1.2 	Description of Models  

The box sections tested were roughly quarter-scale models 

of girders used in practice. The minimum plate size used in the 

construction of the models was 1/8 in thick. This enabled the use 

of normal welding processes with realistic weld sizes, although 

the minimum weld size used (1/8 in fillet measured across throat) 

would be somewhat larger than that used in full size girders. 

Apart from the corner welds which were laid by the mixed inert gas 

(MIG) process, all welding was normal manual arc welding. In 

general, the models were designed such that normal fabrication 

procedures and design details could be employed. Reports on the 

construction sequence of each of the girders and other fabrication 

details are given in references 53 and 54. 

Since the six models that will be described in this 

chapter formed part of a larger experimental programme consisting 

of a series of ten models, the identification numbers originally 

assigned to the models are being retained for ease of reference. 

Details of the structural features of each model are 

presented in Table 2.1. Information on the test types, principal 

structural parameters and critical elements of the compression 

flange of each girder, is summarised in Table 2.2. An examination 

of the data will show that, in general, the main parameter varied 



37. 

between models was the slenderness of either the plate panels (b/t) 

or the stiffeners (2/r). For the centrally loaded models (Models 1 

and 9) the additional test features were the presence of shear and 

associated shear lag. To investigate the effects of shear on the 

collapse of these models, their cross-sectional geometries were 

made comparable to models loaded under pure bending conditions. 

Thus Models 1 and 9 were similar to Models 2 and 10 respectively. 

For such comparisons, ideally the material properties must also be 

similar but unfortunately this was not achieved in Models 1 and 2. 

For Models 9 and 10 special efforts were made to ensure that 

similar material was used in fabricating the models. 

• 2.1.3 	Material Properties  

The models were fabricated using material specified to 

meet the requirements of BS4360 Grade 43A steel. Values of yield 

stress and Young's Modulus for the different components of the 

model were determined from ultimate tensile tests conducted on 

coupons cut from surplus material. For each component at least 

four coupons were tested. Straight, parallel-sided specimens 3/4 

in wide by 22 in long, cut and prepared according to the procedures 

recommended in BS18, were used. Elongations of the coupons were 

measured with an 8 in extensometer connected to an automatic x-y 

plotter. A 10 ton Amsler testing machine calibrated in accordance 

with BS1610 and conforming to Grade A classification was used to 

determine the yield strengths. Each test was carefully controlled 

with a strain rate of approximately 300 pstrain/minute. This strain 

rate was maintained even when measuring the yield stress. Thus the 

observed values of tensile yield stresses given in Table 2.1 are 

the dynamic yield stress values. 
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It may be remarked here that some recent research(55) 

carried out with the objective of establishing a standard testing 

procedure for the measurement of material yield stresses has shown 

that the static yield stress (i.e. the reduced value of stress 

measured at zero strain rate two minutes after stopping the cross-

heads) is a more consistent measure of the yield properties of a 

steel than the dynamic yield stress. This is so because the 

strain rate has a significant effect on the dynamic yield stress 

level as has been shown by Rao, et al.(56) However, it has also 

been established that the measurement of dynamic yield stress at 

closely controlled strain rates is not likely to be too variable. 

The observed yield stress values presented in Table 2.1 

are average values for the component parts of the model. The 

variation in yield stress within components was very small but the 

scatter between the average values of components is significant. 

It may be noted that in some cases the measured yield stresses were 

lower than the guaranteed minimum value of 16.0 tonf/in2  specified 

for the material. 

Also listed in Table 2.1 are measured thicknesses of the 

plated components of the model. These thicknesses varied by up to 

6 per cent from the nominal rolling thicknesses. 

2.1.4 	Details of Test Rigs  

2.1.4.1 Centre Point Load Tests: 	The rigs used for testing 

the centrally loaded girders, Models 1 and 9, were similar in 

principle but differed in detail with regard to the way in which 

the centre reactions were provided (Fig. 2.1). Both models were 

tested by applying hydraulic jack loading at one end, while the 
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other end of each girder rested on cylindrical rockers and roller 

bearings supported by concrete blocks on the laboratory floor. 

For Model 1 the centre reaction was achieved by means of bearings 

mounted on an overhead cross-beam. The bearings were symmetrically 

placed about the centre-line but were set inboard of the webs. The 

model was thus tested in the upside-down position in relation to 

conditions at the support region of a continuous girder. Testing 

the model in this position simplified the design of the loading and 

deflection rigs and facilitated observation of the compression 

flange. Figure 2.2 shows a photograph of the model and the test 

rig. 

Since the main object of the test on Model 9 was to 

study the effect of shear lag on compression flange behaviour, the 

central reaction system was modified so as to leave the critical 

mid-span region of the compression flange free from any interference 

by support bearings. Loading the model in this manner obviated the 

need for a full-width diaphragm and thus also eliminated the com-

plications in compression flange stresses associated with the 

presence of a diaphragm. Transfer of load from the webs to the 

centre reaction units was achieved by means of 2 in thick tapered 

plates welded to the webs, Fig. 2.3, and providing pinned links 

between the attached tapered plate systems and bolted-down reaction 

units. Details of the jacking arrangement and support condition at 

the ends of the model were similar to those of Model 1. 

2.1.4.2 Pure Bending Tests: 	Except for the tests on Model 10, 

all pure bending tests (Models 2, 4 and 8) were carried out using 

the rig shown diagrammatically in Fig. 2.4. Pure bending moment 
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condition was achieved by applying jack loads to the extreme ends 

of purpose-built loading arms welded to each of the box sections. 

Each model was supported at its junctions with the loading canti-

levers by holding-down bolts which prevented vertical displacements 

at the junctions. These bolts had spherical bearing attachments 

which allowed rotation of the models in all directions. Although 

the loading system was self-stabilising, longitudinal and trans-

verse movements of the girders were restricted by flexible stays 

anchored at one end to the loading arms and at the other to the 

laboratory floor. The loading units were so designed that they 

were re-usable. Thus the same pair of loading arms was used on 

Models 2, 4 and 8. Figure 2.5 shows a view of the loading unit. 

Since the flanges of Model 10 were wider than those of 

the other models, the loading arms for Model 10 had to be redesigned. 

Details of the loading sections are given in Figs 2.6a to 2.6d. The 

holding-down arrangement used for this test was also modified. The 

reactions were provided by a system of link plates and pin joints 

connecting the model/loading arms assembly to reaction beams bolted 

to the floor. 

2.1.5 	Instrumentation  

2.1.5.1 Residual Strain Measurement: 	Weld-induced residual 

strains in the models were measured by using a demountable Demec 

Mechanical Strain Gauge. The measurements were made over 2 in and 

4 in gauge lengths between punched reference marks on the plate 

surface. A pair of specially ground centre punches was employed 

to prepare the gauge points. Both faces of the plate were marked 

so that the mean residual strain could be determined. Readings 
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were taken at three stages of fabrication: after cutting and butt 

welding of the component full length plates, after welding of the 

stiffeners to the plates to form sub-assemblies of stiffened sect-

ions, and after welding of all sub-assemblies together to form the 

completed model. 

Since the measurements were spread over the period of 

fabrication, it was necessary to correct the readings for temperature 

changes. This was done by using the readings taken on gauge points 

marked on a small piece of unstressed steel plate. 

2.1.5.2 Deflection Measurements: 	Initial out-of-plane deformat- 

ions and deflections under load of each model were measured by a 

bank of electrical deflection transducers mounted on an inverted 

U-frame. The frame could be moved along the girder spans on a 

pair of rails which were supported at three points on the compress-

ion flange. At each of the sections chosen for deflection measure-

ment, the U-frame could be accurately located by resting it on a 

set of balls fixed to the rails. The heights of the balls were 

accurately adjusted so as to define a datum plane under the weight 

of the U-frame. A photograph of the deflection rig used for the 

tests on Models 2, 4 and 8 can be seen in Fig. 2.7. The arrange-

ment of deflection rig for Model 1 was similar in principle, but 

due to the presence of central support bearings, two U-frames were 

employed, one on each side of the central diaphragm. For Models 9 

and 10, a wider frame had to be used to cope with the increased 

flange width (Fig. 2.8). 
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2.1.5.3 Strain Measurement: 	Strains in stiffeners and the 

plating were measured by means of electrical resistance strain 

gauges. Between 400 and 500 strain gauge elements of linear, 

cross and rosette type were used in each model. Several parts of 

the models were strain gauged but the majority of gauges were 

bonded to the critical components. In order to determine axial 

and bending components of strain in the plating, gauges were placed 

on both faces of the plate. Where it was adequate to measure the 

strain in one direction only such as over stiffeners and on stiff-

ener outstands, linear gauge elements were used, but where trans-

verse and shear components were needed cross and rosette type 

gauges were used. Layout of the gauges, gauge factors and other 

relevant information on instrumentation are given in references 53 

and 54. Details of strains measured in various parts of the com-

pression flanges of the models are given later in this chapter. 

In all models, some parts of the webs and tension flange were also 

strain gauged; details of these strain measurements are discussed 

in references 57 to 59. 

2.2 	TEST PROCEDURE 

2.2.1 	Initial Measurements  

After installing each model on the test rig and prior to 

any load application, residual strain readings were taken at some 

selected locations to check if any relaxation of residual stresses 

had occurred due to transportation and handling of the models. 

Upon completion of these measurements, initial deflection profiles 

of the models were determined using the deflection rig described in 

the last section. For models with stocky plate panels, only profiles 
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along stiffener locations were recorded whereas in those models where 

plate panels were critical, deflections of plate panels along lines 

mid-way between stiffeners were also measured. In all cases, read-

ings were taken at selected cross-sections located at regular 

intervals along the span. 

2.2.2 	Initial Tests  

Before commencing the collapse tests, each model was sub-

jected to loads well within the elastic range to obtain information 

on the elastic behaviour of the model. On satisfactory completion 

of these tests, further tests were carried out on some of the 

models so as to study their response at higher loads. The behaviour 

of the models during these tests is discussed later in this chapter. 

2.2.3 	Tests to Collapse  

After completing all the elastic tests the models were 

loaded incrementally to collapse. The loading was applied by 

hydraulic jacks connected to a central control system which enabled 

the models to be loaded progressively by the application of either 

load or deflection increments. In the initial stages of testing, 

load increments were used but in later stages deflections were 

incremented using the strain control facility. This procedure 

enabled the load carried by the model to be controlled very satis-

factorily on approaching the peak load and beyond. 

2.3 	INITIAL IMPERFECTIONS 

2.3.1 	Out-of-Plane Deformations  

Longitudinal and transverse initial deflection profiles 

of the compression flange of each girder were deduced from trans- 
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ducer readings taken at the cross-sections chosen for deflection 

measurements. For each model, the profiles are presented separately 

in the appropriate section. 

It was noted that, in general, plate panels deflected 

towards the surface to which the stiffeners were welded. Longitud-

inal profiles of the plate panels often showed small ripples super-

imposed on an otherwise gentle curve, although in the vicinity of 

transverse stiffener welds large local curvatures were observed. 

Table 2.3 gives the maximum values of measured transverse 

bows in the plates. In all cases the values are well within the 

tolerances specified in the Design Rules 	It should be noted, 

however, that deflections of magnitudes indicated in Table 2.3 

occurred at only a few locations; the average deformation levels 

were very much smaller. 

Profiles of longitudinal stiffeners showed that the 

deformation modes assumed by the stiffeners were of variable nature. 

Only in one model, Model 10, were the initial deflections clearly 

in the preferred buckling mode that is, alternate inward and out-

ward deflections in adjacent spans. In general, the longitudinal 

stiffeners in internal bays tended to bow towards their outstands 

between transverse stiffeners,while in the end bays the stiffeners 

often deflected in the opposite direction. 

The maximum values of measured stiffener initial deform-

ations in the direction of the outstand and away from it, are shown 

in Table 2.3. Also included are the average panel deformations for 

each model. It is evident that in some instances the maximum 

values for individual stiffeners are in excess of the tolerances 
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specified in the Design Rules
(32). However, if the average panel 

values are considered (which is allowed in the Design Rules) the 

panels which were deformed towards the outstands of stiffeners, 

complied with the clauses contained within the Rules; the deform-

ations in the opposite direction generally tended to exceed the 

requirements. 

2.3.2 	Weld-Induced Residual Strains  

The average levels of compressive residual strain in the 

compression flange plate panels of each model are given in Table 

2.3. Typical distributions of residual strain across the flange 

widths of each model are shown in Fig. 2.9. It may be seen that 

except in the plate panels close to the corner and diaphragm welds, 

the residual strains in the plate away from stiffener welds were 

fairly uniform. This observation justifies the assumption usually 

made in stiffened plate analysis, that the compressive residual 

strains in the centre portion of a plate panel are distributed in 

a constant way. 

Comparing the average levels of residual strain in the 

different models, it is readily seen that the magnitude of strain 

is controlled by the amount of welding used. In Models 4 and 8 

as there were twice as many longitudinal stiffeners for a given 

flange width compared with the other models, the amount of welding 

used was more and hence the residual strains were higher. 

In some models, in addition to the longitudinal residual 

strains, transverse residual strains were also measured but their 

magnitudes varied considerably and no definite pattern could be 

established. The variation in the transverse readings was partic- 
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ularly high in regions adjacent to transverse welds, such as near 

the centre diaphragm of Model 1. 

In Models 9 and 10, residual strains in the longitudinal 

stiffeners were also recorded (Fig. 2.9b) but the values were very 

erratic to the extent that, on the tips of outstands, both tensile 

and compressive residual strains were recorded. It would seem 

from these observations that the outstand strains are much more 

dependent on such factors as, the sequence of welding and the 

clamping methods used. The variables involved in such a process 

thus make the task of predicting reliably the residual strains in 

stiffener outstands very complex. 

2.4 	TESTS ON MODEL 1 

2.4.1 	General  

The 16 ft span of Model 1 was sub-divided into six equal 

bays by two cross-frames and an end ring-stiffener placed symmet-

rically on either side of a central diaphragm. Detailed drawings 

of the model are shown in Figs 2.10a to 2.10d. It will be noted 

that the longitudinal stiffeners used were simulated bulb flats 

prepared from 2 in x 11 in x 3/16 in rolled angle sections. Except 

for an additional longitudinal stiffener in the compression zone of 

each web, the cross-section of the model was symmetrically stiffened. 

2.4.2 	Initial Out-of-Plane Deflections  

Prior to testing, initial deflection profiles of the com-

pression flange were determined at some selected cross-sections. 

Details of these locations are given, Fig. 2.11, while the deflect-

ion profiles are shown in Fig. 2.12. 
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2.4.3 	Behaviour under Load  

Since the compression flange and webs of Model 1 were 

designed to be critically stressed simultaneously under the applied 

loading, information on the collapse behaviour of both components 

was obtained. Three tests were carried out on the model. In the 

first test the largest plate panels of the end web bays buckled in 

shear at a central point load of 120.0 tonf. Compression flange 

plate panels adjacent to the central diaphragm (around section I) 

also showed signs of buckling, but the growth of buckles was 

prevented by the failure of end web panels. After stiffening the 

end web bays by diagonal bracing on the outsides, a second test 

was carried out. This test too ended in shear failure with buckling 

of web plate panels in the intermediate web bays. The maximum load 

reached was 132.0 tonf corresponding to mid-plate flange stress, an  

of 13.0 tonf/in2  and at that stage it was noted the compression 

flange plate panel buckles had also been amplified. 

After bracing the intermediate web bays in the same way 

as the outer web bays, the model was loaded again incrementally to 

failure. The maximum load attained in this test was 128.0 tonf 

(a
n 

= 12.6 tonf/in2), with failure occurring simultaneously in the 

flange on one side of the central diaphragm and in the web on the 

opposite side (Fig. 2.13). On the flange side, the critical section 

was situated at about one-third panel distance between the diaphragm 

and the first transverse stiffener. 

The loading history of the model during the final test 

may be traced by reference to the overall load-deflection relation-

ship shown in Fig. 2.15. Up to a central point load of 80.0 tonf 
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the observed deflections agreed closely with those predicted by 

simple elastic beam theory in which allowance was made for deflect-

ions due to shear and shear lag (which accounted for 40% and 6% of 

total deflection respectively), but at higher loads the response of 

the model became non-linear. There was no significant loss in over-

all stiffness until after the maximum load was reached. The load-

deflection curve thus shows a sharp peak with a drooping unloading 

path, a characteristic which may be attributed to the average 

stress-strain curve of the compression flange after collapse. 

Stresses determined from measured strains for central 

point loads of 80.0 tonf and 128.0 tonf are shown in Fig. 2.17, 

while out-of-plane deflections of plate panels and stiffeners at 

some selected locations are shown in Figs 2.15 and 2.16. It may be 

seen that at the section where failure occurred, the longitudinal 

stiffeners deflected inwards towards their outstands. In the 

adjacent spans the stiffeners deflections were small initially but 

as more deformations were applied to the model, increased deflect-

ions in the opposite direction were recorded. The large out-of-

plane deformations that occurred at high loads also caused local 

lateral failure of stiffener outstands near the transversals. 

Figure 2.14 shows also that the longitudinal flange 

stiffeners failed at the same section where the collapse of plate 

panels occurred. In fact, stiffener failure was triggered off by 

collapse of plate panels as shown by curves 2, 3 and 4 of Fig. 2.15. 

Details of failure on the web side are not included here. 

However, it should be noted that the test ended in simultaneous 

failure of the compression flange and web, and consequently the 
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response of the model may have been influenced to some extent by 

the.interaction of the two failure modes. 

2.4.4 	Shear Lag in Model 1  

Figure 2.18 shows the longitudinal stresses calculated 

from strain measurements at a cross-section close to mid-span, 

with the model under a central point load of 80.0 tonf. The dis- 

tribution of measured stresses is clearly non-uniform due to the 

influence of shear lag. Stresses obtained from a finite element 

analysis
(60) are also plotted and it will be seen that in the com-

pression flange and web the agreement is satisfactory. In the 

tension flange, however, the edge strains are higher than those 

' predicted by the analysis, probably due to the relaxation of 

residual stress in the boundary weld. The effective width ratio, 

for the flanges as determined from the finite element solution 

was 0.59 while the value obtained from the Design Rules
(32) 

(which 

were based on similar finite element analyses) was 0.61. 

2.5 	TESTS ON MODEL 2 

2.5.1 	General  

The cross-section of Model 2 was nominally similar to 

that of Model 1 with the diaphragm omitted to simulate the mid-

span region of a continuous box girder. Detailed drawings of the 

model are shown in Figs 2.19a and 2.19b. The model was tested by 

applying pure bending using the rig described in Section 2.1.4.2. 

Two tests were conducted on Model 2. In the first test 

(Test 2A), failure occurred in an end bay of the compression 

flange, at a section close to where the model was welded to the end 
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loading unit. The end bays were subsequently strengthened by 

adding longitudinal stiffeners on the outside of the model in line 

with the internal ones, and the model was retested (Test 2B) to 

produce failure in one of the centre bays. 

	

2.5.2 	Initial Out-of-Plane Deflections  

The reference grid adopted for deflection and strain 

measurements is shown in Fig. 2.20. Longitudinal and transverse 

initial deflection profiles of the compression flange are given in 

Figs 2.21a and 2.21b. From the longitudinal profiles, it is evident 

that the deflections of stiffeners between cross-girders were 

generally outwards, that is, away from stiffener outstands. It may 

be seen also that the outward deflections in the end bays were of 

greater magnitudes than those in inner bays. The average stiffener 

deflections for each bay are shown in Table 2.3. 

	

2.5.3 	Test 2A: Behaviour under Load  

The load-deflection relationship of the model during Test 

2A is shown in Fig. 2.22. Up until 59.0 tonf jack load the observ-

ed deflections increased almost linearly with load but with further 

loading buckling of a flange plate panel adjacent to the end cross-

frame (section W) occurred and the load-deflection path became non-

linear. With the next increment of applied loading, to a jack load 

of 64.5 tonf, that is, an  = 13.3 tonf/in2, buckling occurred in the 

other flange plate panels close to section W (Figs 2.23 and 2.24). 

All flange panels, except for an internal one, deflected inwards 

while the longitudinal stiffeners in the critical end bay deflected 

outwards, away from the outstands. This caused stiffeners in the 

adjacent span to deform inwards in sympathy (Fig. 2.25). On apply- 
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ing further deflection increments to the model, the load sustained 

by the model dropped to 62.0 tonf, indicating the commencement of 

unloading. The final increment amplified further the flange plate 

buckles and also produced complementary outward movements in the 

adjacent web panels. 

Since the section at which collapse occurred was not 

extensively strain gauged, as it was hoped to collapse one of the 

internal stiffened bays, information on the nature of strain dis-

tribution at the critical section is lacking. However, strains 

measured in the adjacent span, at section R (Fig. 2.26) indicate 

the general trend in the level of plate straining. The distribut- 

. ion of strain corresponding to the peak load of 64.5 tonf shows 

that yield strain had been exceeded at several locations, indicat-

ing that the maximum capacity of the model was reached almost 

immediately after the plate panels became ineffective due to yield-

ing. Another interesting feature of the observed strains at sect-

ion R is that very little change in strain occurred as the model 

was loaded past the peak load. This suggests that other parts of 

the model, mainly in the critical end bay, must have suffered a 

significant amount of straining. 

Figure 2.27 shows strains in the longitudinal stiffeners 

Si, S3 and S4. Here again strains in the outstands of stiffeners 

in panel U-W were not recorded but the readings taken at other 

sections show that as a result of out-of-plane bending, consider-

able secondary strains were imposed on the stiffeners. Although 

the first visible sign of distress in the end bay was the buckling 

of a flange plate panel, it is quite likely that the stiffener out- 
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stands in this bay were also highly stressed due to the deflections 

being in a direction away from the outstand. An examination of the 

initial shape of the compression flange (Fig. 2.21a) will show that 

the deformations of stiffeners in the end bays were away from the 

outstands and were of relatively greater magnitudes than those in 

the inner bays. Under load, the stiffeners continued to deflect in 

the direction of initial deflections thus increasing the compressive 

stresses in the tips of the outstands. 

Considering the conditions in the flange panels in the 

vicinity of the failed section, it would seem that there were 

possibly two factors which contributed to failure in the end bay. 

The first of these is the proximity of the end plate panels to the 

continuous transverse fillet weld connecting the end ring-stiffener 

to the compression flange, and the full strength butt weld joining 

the model plating to the end loading section. As a result of these 

welds the plating close to the end ring-stiffeners may have been 

heavily stressed under the combined action of residual and applied 

stresses. A second factor is that poor fit-up between the flange 

plate and that of the loading arm may have introduced a local 

eccentricity of applied loading in the flange plate. However, the 

effects of these factors were probably not very significant. Tests 

by Dwight
(49) 

have shown that the weakening influences of such 

factors become appreciable only in extreme situations. 

2.5.4 	Strengthening of End Bays  

After completion of Test 2A, both end bays of the model 

were strengthened by welding additional longitudinal stiffeners to 
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the outside of the model in line with the internal stiffeners. To 

avoid any abrupt change in section, the stiffeners were tapered 

uniformly from full depth at the centres of the end panels (sections 

B and V) to zero at the transverse stiffener positions (sections C 

and U). The fillet welding used to connect these stiffeners was 

also varied. Over the loading section, the welding was continuous 

but along the model proper intermittent welding was used. Strengthen-

ing the end bays in this manner ensured that the internal bays were 

not subjected to any eccentric loading. Figure 2.28 shows a view 

of a section of the model and the additional stiffening. 

2.5.5 	Test 2B: Behaviour under Load  

Figure 2.22 shows the overall load-deflection behaviour of 

the model during the second test. Up to a jack load of 63.0 tonf 

the observed deflections increased linearly with load and agreed 

well with deflections computed from simple bending theory. The 

apparent increase in bending stiffness from Test 2A to Test 2B is 

due to the reduced length (3 bays instead of 5) used in deducing the 

deflections under load. The departure from linearity at 63.0 tonf, 

i.e. an = 13.0 tonf/in2 
 coincided with the first visible signs of 

flange plate buckling. The critical section in this test was the 

centre of the stiffened bay 0-U, the bay adjacent to that which 

failed previously. As shown in Fig. 2.29, all flange plate panels, 

except one, buckled inwards while the adjoining compression web 

panels again deflected in a compatible mode. Longitudinal stiffen- 

ers between sections 0 and U also deflected inwards (Fig. 2.30). 

In the initial stages of loading the stiffener deflections were 

small (curve 3B, Fig. 2.31) but with the buckling of plate panels 

(indicated by curves 2A to 2D) the deflections increased rapidly. 
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As in Test 2A, the maximum load sustained by the model 

was 64.5 tonf, i.e. an  = 13.3 tonfan2. When further deformations, 

beyond the maximum load stage, were applied to the model, a fall-

off in sustained load occurred with mid-plate strains at several 

locations exceeding the yield value (Fig. 2.32). This was accom-

panied by further amplification of plate panel buckles and the 

formation of hinges in longitudinal stiffeners at locations mid-way 

between transversals. The mechanism of failure can be seen in Fig. 

2.33a. An inside view of the model, Fig. 2.33b, shows the lateral 

buckling of stiffener outstands close to the transversals. These 

local deformations occurred as a result of additional compression 

imposed on the stiffener outstands by restraining moments developed 

at the cross-frame regions of the failing bay. The growth of 

strains in these regions is shown in Fig. 2.34. 

Despite the increased initial deflections in Test 2B 

arising out of plastic deformations from Test 2A, the maximum 

moments sustained by the model in the two tests were identical. 

This indicates, therefore, that the outward deflections of longitud-

inal stiffeners in the end bay in the first test had a weakening 

effect on the load-carrying capacity of the flange. 

2.6 	TESTS ON MODEL 4 

2.6.1 	General  

The cross-section of Model 4 (Fig. 2.35) differed from 

that of Models 1 and 2 in that the slenderness ratios (panel width/ 

thickness) of plate panels were considerably reduced. This was 

done to ensure that instability of plate panels in the elastic 
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range was prevented and that failure of the compression flange 

occurred by buckling of stiffened panels between transversals. The 

flange plates of Model 4 were nominally of the same thickness (3/16 

in) as those of Models 1 and 2 but with approximately twice as many 

longitudinal stiffeners. Simulated 'bulb flats' were used as 

longitudinal stiffeners in the compression flange and webs while 

flats were used in the tension flange. Cross-frames provided at 

regular intervals of 31 in divided the span of the model into five 

bays. 

The girder was tested under a condition of pure bending 

moment, in a rig similar to that of Model 2. 

• 2.6.2 	Initial Out-of-Plane Deflections  

Details of the reference grid used for deflection and 

strain data recording are shown in Fig. 2.20. Profiles showing the 

initial shape of the compression flange are presented in Figs 2.36a 

and 2.36b. Since the longitudinal stiffeners were very closely 

spaced in this model, the measurement of out-of-plane deflections 

of compression flange plate panels was omitted. 

The profiles of longitudinal stiffeners (Fig. 2.36a) show 

that the stiffeners had distinct outward bows in the end bays while 

in the intermediate bays the stiffeners tended to deform sympathet-

ically. The maximum and the average values of measured stiffener 

deflections are given in Table 2.3. 

2.6.3 	Behaviour under Load  

The overall load-deflection relationship for Model 4 is 

shown in Fig. 2.37. Up to a jack load of 63.0 tonf, the observed 
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deflections increased linearly with load and agreed very well with 

deflections calculated from engineering beam theory when the entire 

cross-section of the model was assumed to be fully effective. Over 

this load range the growth of strains at almost all locations (Figs 

2.38 and 2.39) was also linear. There was generally good agreement 

between measured strains and those computed from bending theory for 

the constant curvature condition. Beyond 63.0 tonf, however, the 

stiffness of the girder began to decrease while the growth of mid-

plane strain in some flange plate panels showed deviation from 

linearity (curves 4B and 5B, Fig. 2.40). Buckling of the stiffened 

panels between transversals was first observed at a jack load of 

87.0 tonf, i.e. an  = 13.9 tonf/in2. When further deformations 

beyond this load stage were applied to the model, the entire com-

pression flange could be seen to have deflected into a sinusoidal 

waveform (Figs 2.41 and 2.42). The deformation mode, which closely 

followed the initial shape of the flange, was similar to the 

classical elastic buckling mode, i.e. outward and inward deflect-

ions alternating in adjacent bays. 

An inspection of the inside of the model indicated that 

in the end bays where the longitudinal stiffeners had deflected 

outwards, i.e. away from the outstands, some lateral deflections of 

the stiffeners had occurred. The deformations became fairly pro-

nounced at higher loads. It may be noted in Fig. 2.36a that initial 

deformations in the end bays were also directed outwards and were 

somewhat larger in magnitude than those in internal bays. It is 

therefore likely that the tips of outstands in the end bays yielded 

first and triggered off the buckling of flange panels. Unfortunately, 
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the end bays were not strain gauged and hence it is not possible 

to establish the degree of stressing in these bays. 

The maximum load sustained by the model was 92.5 tonf 

corresponding to mid-plate flange stress, an, of 14.8 tonf/in2. 

Beyond the peak load, as more deformations were applied to the 

model, overall girder deflections continued to increase without 

any fall-off in the sustained load. The load-deflection curve of 

the girder thus shows a stable plateau at peak load and indicates 

the capacity of the model to sustain the collapse moment while 

undergoing further rotation. The moment at collapse was nearly 85 

per cent of the full plastic moment of resistance of the box 

cross-section calculated using the measured yield stresses of all 

the components. However, when the limiting moment was calculated 

on the basis of flange capacity alone, then the maximum moment 

achieved was approximately 113 per cent of the calculated value. 

Figure 2.43 shows views of the compression flange after 

collapse. The regular buckled pattern of the stiffened flange 

panels can be clearly seen in Fig. 2.43a. Failure of the panels 

occurred without any noticeable buckling of plate panels between 

stiffeners. The few local plate buckles that can be seen in the 

picture, in regions where the stiffened panels deflected inwards, 

occurred only after large rotations had been applied to the model, 

beyond the maximum load stage. However, it is interesting to note 

that the growth of strain in the plate panels (curves 4B and 5B, 

Fig. 2.40) became non-linear at a relatively early stage of load-

ing. This may be attributed to the presence of high compressive 

residual stresses in the flange plating. These stresses were of 
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the order of 8 tonf/in2, and this may have caused earlier plastic 

redistribution of strain due to the combined applied and residual 

compressive stress reaching the yield value. The fact that the 

limitsof linear behaviour in the overall load-deflection relation-

ship and the plate strain were reached at almost the same load, 

before any stiffener movements were observed, suggests that residual 

stresses were responsible for causing the loss in overall girder 

stiffness. However, residual stresses do not seem to have had any 

significant effect on the collapse strength of the compression 

flange, as under the maximum applied moment almost the full squash 

capacity of the flange plate was achieved. 

There is no evidence in this test of any large-deflection 

or post-buckling behaviour of the compression flange. Referring to 

Fig. 2.40 it will be seen that the loss of in-plane stiffness of 

the flange plate under longitudinal compression (curves 4B and 5B) 

continued without any significant increase in transverse strains. 

Curves 4A and 5A show that almost up to the maximum load stage, the 

measured transverse strains were merely the Poisson strains assoc-

iated with longitudinal compression. 

One other interesting feature relating to the strains 

measured on the compression flange at its junctions with the webs, 

is that strains measured at the locations of cross-frames were 

somewhat greater than those measured at the surrounding locations. 

This was the case even for loads in the elastic range (Fig. 2.38) 

when strains elsewhere in the flange agreed well with those predict-

ed by simple bending theory. The phenomenon causing this behaviour 

appears to be one of stress concentration due to the restraining 
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effects of cross-frames on lateral in-plane movements of the flange, 

that is, Poisson effect. The restricting influence on the flange 

caused local curvatures at the corners and this produced local 

stresses which were of the same sign as the overall bending 

stresses. It is worth noting here that stress concentrations of 

similar nature but of much higher intensities have been observed 

to occur at the flange/web/diaphragm junction of a centrally loaded 

box girder (Model 3, reference 61). 

2.7 	TESTS ON MODEL 8 

2.7.1 	General  

The main object of the test on Model 8 was to study the 

behaviour of stiffened compression flanges having stocky flange 

plate construction and slender longitudinal stiffeners. The width-

to-thickness (b/t) ratio of flange plate panels was 25.6,approximately 

the same as that for Model 4, but the slenderness ratio (t/r) of 

flange stiffeners in Model 8 was 114.5 compared with 44.7 in Model 4. 

Details of the geometry of the model are given in Figs 2.44a and 

2.44b. 

One other object of the test was to investigate the 

effects of longitudinal compression in the flange on the behaviour 

of intermediate cross-girders. For this reason the cross-girders 

were made slender and were pre-dished in the direction of 

the outstand. Although it was intended to have equal initial 

deflections of 1/8 in ( =span/385) in each of the two internal 

transverse stiffeners, the deflections on completion of fabricat-

ion were span/310 at E (location indicated in Fig. 2.45) and span/ 
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430 at I. Referring to Fig. 2.44b it will be noted that the trans-

verse members were deliberately made discontinuous at the flange/ 

web corners. The purpose of this was to achieve approximately 

pinned end conditions at the corners and thereby reduce the effects 

of any restraining end moments. 

	

2.7.2 	Initial Out-of-Plane Deflections  

Longitudinal and transverse initial deflection profiles 

of the compression flange are shown in Figs 2.46a and 2.46b res-

pectively. It may be seen that the pattern of longitudinal stiffen-

er deflections was a very consistent one. In panels A-E and E-I the 

stiffeners bowed inwards towards the outstands but in the end bay 

. I-M, the deflections were outwards and nearly twice as much as those 

in the other bays. 

	

2.7.3 	Behaviour under Load  

The load-deflection behaviour of the model is shown in 

Fig. 2.47. Up to a jack load of 21.0 tonf the observed deflections 

agreed well with those calculated from engineering beam theory. 

Beyond 21.0 tonf load, although the observed deflections were 

marginally more, there was no significant loss in girder stiffness 

until a jack load 46.0 tonf, i.e. an  = 8.5 tonf/in2, was reached. 

The small loss of stiffness at 21.0 tonf load could be attributed 

to the presence of high residual stress in the flange plating (of 

the order of 6 tonf/in2). Referring to Fig. 2.48, it will be seen 

that up to a jack load of 31.0 tonf, there was satisfactory agree-

ment between stresses determined from measured strains and those 

predicted by simple beam theory, but at higher loads the observed 

stresses were markedly non-linear. On loading the model beyond 



61. 

50.0 tonf, i.e. an 
= 9.3 tonfan2, there was a significant increase 

in outof-plane deformations of both the longitudinal stiffeners 

and the transverse stiffener E. It is interesting to note that 

although the flange buckled as an orthotropic plate between trans-

verse stiffeners, the deflections of the panels were not in the 

lowest buckling mode, i.e. alternating inward and outward deflect-

ions in adjacent bays. The buckling mode (Figs 2.49 and 2.50) 

followed closely the initially deflected shape of the compression 

flange. Considerable spalling of mill scale from the outstands of 

longitudinal stiffeners was observed in bay I-M, where the stiff-

eners deflected away from the outstands. Strains recorded in the 

outstands (Fig. 2.51) at the 51.0 tonf load stage confirmed that 

yielding had occurred in this bay. When further deformations were 

applied to the model, a peak sustained load of 55.0 tonf, i.e. an  = 

10.2 tonf/in2, was reached. This occurred when the girder deflect-

ion at mid-span was approximately twice that at 46.0 tonf load, the 

load which marked the start of deterioration of girder stiffness. 

Out-of-plane deformations of flange panels had also been considerably 

amplified. As more deformations were applied after the peak load 

had been reached, the model continued to deform while sustaining a 

load of just under 55.0 tonf. On completion of the test, local 

lateral buckling of the longitudinal stiffener outstands was observed 

to have occurred in the end bay I-M. 

Photographs of the model, Figs 2.52a and 2.52b, taken 

after the collapse test, show the fully developed deformations of 

the flange panels. It would seem from these photographs that the 

failure mode of the compression flange was one of overall buckling 

with a half wave-length extending over two bays (A to I). However, 
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this was not the case, for strain measurements indicated collapse 

was in fact triggered off by the attainment of compressive yield 

strain in the outer fibres of stiffener outstands in bay I-M. Sub-

stantial deformations of the transverse stiffener at E occurred 

only after the longitudinal stiffeners had buckled. Since the 

stiffeners on both sides of the transversal E were deflecting in-

wards, and also because the transverse stiffener itself had a large 

initial bow, it was loaded by the vertical component of in-plane 

compressive loading in the flange. Consequently, as large deform-

ations were applied to the model, the deflections of the transverse 

stiffener increased considerably. The growth of strains in the 

cross-girders is shown in Fig. 2.53. 

Referring to the overall load-deflection characteristic 

of the model, Fig. 2.47, it will be noted that although the compress-

ion flange had slender longitudinal stiffeners (24r = 114.5), the model 

sustained its peak load, without any significant fall-off, while 

undergoing increased rotations. In fact, the maximum load (55.5 

tonf) compared very well with the load (55.4 tonf) required to 

produce a nominal stress, as calculated by simple bending theory, at 

the centroid of the compression flange equal to the elastic critical 

buckling stress of the flange. The ability of the flange to sustain 

its critical buckling load, in spite of the high level of residual 

stress in the plating and pronounced initial stiffener deflections, 

indicates that there was significant post-buckling reserve in the 

flange. The presence of membrane action is confirmed by the growth 

of transverse strains, curves 4 and 5 in Fig. 2.54. In the initial 

stages of loading, these strains were merely the tensile Poisson's 
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strains associated with longitudinal compression (curves 2 and 3) 

but at loads approaching the peak value, the transverse strains 

increased substantially. In particular, curves 3 and 5 show that 

in bay I-M although buckling of the stiffeners produced a decrease 

in longitudinal strain, the transverse strain continued to increase. 

This reflected the development of tensile membrane stresses as the 

deflections of the panel became large. The effect of these stresses 

was to restrict the growth of buckling and thereby help sustain the 

applied loading. Figures 2.55a to 2.55c show that the more or less 

uniform distribution of longitudinal strains in the compression 

flange changed as the maximum load was approached, to a typical 

plate post-buckling distribution, that is, strains at the edges 

were higher than those measured at locations inside the flange. 

2.8 	TESTS ON MODEL 9 

2.8.1 	General  

Model 9 was tested primarily to investigate the effects 

of shear lag on the collapse behaviour of a compression flange in 

which both the plate elements and the stiffeners are of intermed-

iate slenderness, that is, are within the imperfection sensitive 

range. The model was tested as a simply supported girder with a 

point load at the centre of the span so as to induce shear and 

shear lag. The flanges of the model were made wide in relation to 

the span (width-to-span ratio of approximately 0.5) in order to 

exaggerate the shear lag effect. 

The model had an 8 ft wide by 3 ft deep cross-section 

and a total span of 16 ft. The box section was stiffened by two 
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cross-frames, one at each end of the model, and internal transverse 

stiffeners which divided the 186 in clear span of the model into 

three equal-length bays as shown in Fig. 2.56a. The compression 

flange plate was nominally 3/16 in thick and was longitudinally 

stiffened by nine equally-spaced 2; in deep by 5/16 in thick 

rolled flats. The width-to-thickness ratio (b/t) of the flange 

plate panels was thus 49.3 (based on measured plate thickness of 

0.192 in). 

Transverse stiffening was provided by 5 x 3 x 3/8 in angle 

sections which were chosen to preclude overall buckling of the 

stiffened compression flange. The column slenderness ratio (k/r) 

for the plate/stiffener combination of length equal to transverse 

stiffener spacing, was 75.4, on the assumption that the entire 

flange plate was fully effective. 

The 36 in deep webs of the model were unstiffened longi-

tudinally but were made 1/2 in thick to prevent any shear failure. 

The tension flange was 1/4 in thick and was unstiffened 

longitudinally. Both the webs and tension flange had transverse 

stiffening similar to that on the compression flange. Other details 

of the model are shown in Figs 2.56b to 2.56e. 

After all initial measurements were completed, two separ-

ate tests on the model were carried out. The first test, Test 9A, 

was essentially a 'first yield' test in which the model was loaded 

incrementally until yielding was recorded at the edges of the com-

pression flange at mid-span. In Test 9B, the model was loaded again 

incrementally from zero load to failure. 
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2.8.2 	Initial Out-of-Plane Deflections  

The reference grid adopted for deflection and strain 

measurements is shown in Fig. 2.57. Transverse initial deflection 

profiles of the compression flange, Fig. 2.58a, show that at all 

sections the flange had an overall upward bow with the plate panels 

between stiffeners almost invariably deflecting inwards towards the 

stiffener outstands. 

Figure 2.58b shows the longitudinal profiles of the 

flange. It may be seen that the deflections in this case do not 

exhibit any regular pattern. In general, the deflections of longi-

tudinal stiffeners in this model were small compared with those 

observed in Models 1 and 2. 

	

2.8.3 	Test 9A: Behaviour under Load  

The overall load-deflection relationship of the model is 

shown in Fig. 2.59. Up to a centre point load of 120.0 tonf, that 

is, an  = 4.9 tonf/in2,the behaviour of the model was linear, with 

the observed deflections agreeing very well with theoretically 

predicted values. The theoretical deflections were calculated from 

engineering beam theory using the shear lag effective widths given 

in reference 32. Shear deflections of the webs, which in this model 

accounted for nearly 27 per cent of the total girder deflection, 

were also included. The values of effective width ratio tp for the 

flanges, used in calculating the deflections due to bending and 

shear lag effects were, IP = 0.60 for the compression flange and 

= 0.68 for the tension flange. 

Between 120.0 tonf and the maximum applied load of 258.0 

tonf there was a small drop in the stiffness of the girder, which 
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could be attributed to the increased out-of-plane deflections of 

the compression flange (Figs 2.60 and 2.61). The loss of stiffness 

may also have been caused by earlier yielding in the highly stressed 

edge panels of the compression flange as a result of the combined 

applied and residual compressive stresses reaching the yield stress 

of the material. 

Strains measured at several locations of the flange are 

shown in Figs 2.62 to 2.64. At 258.0 tonf strain recordings indi-

cated the start of yielding in the compression flange at the 

flange/web junctions and consequently the model was unloaded. The 

residual centre deflection of the girder upon unloading was 0.012 in. 

Referring to Figs 2.60 and 2.61 which show the deformations 

of the compression flange under load, the following features will be 

noted: 

(a) The stiffened panel between transversals E and Q deflected 

inwards while panels A-E and Q-U deflected inwards in 

areas adjacent to the centre-line of the flange, but out-

wards in regions nearer to the webs. 

(b) In bay E-Q, the longitudinal stiffeners that were closer 

to the webs and were thus subjected to higher direct 

stress due to shear lag deflected more than the innermost 

stiffeners. 

(c) The relatively greater inward movements of the panels 

closer to the webs in bay E-Q appear to have influenced 

the corresponding panels in the outer bays A-E and Q-U 

and caused them to deflect outwards in sympathy. 
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(d) The out-of-plane deflections in panel A-E and Q-U were 

also affected by the deformations of the flange at the 

cross-frame positions. The outward deflections at 

sections A and U occurred as a result of the end react-

ions being located inboard of the webs, while the centre 

supports were situated exactly along the centre-lines of 

the webs. In addition, the way in which the angle 

bracings were positioned on the end cross-frames (Fig. 

2.56e), may have had some effect on the deflections. 

However, as the model was subjected to a moment gradient, 

it is unlikely that the deformations at the ends of the 

model would have had any significant influence on the 

behaviour of the highly stressed mid-span region. 

2.8.4 	Shear Lag in Model 9  

To show the stress distribution in the compression flange 

due to shear lag, the stresses corresponding to a centre point load 

of 40.0 tonf Con  = 1.6 tonf/in2) are plotted in Fig. 2.65. Only a 

few sections where a reasonable number of experimental values were 

recorded are shown in the figure. The experimental stresses shown 

were derived from strains measured in both longitudinal and trans-

verse directions. The theoretical stresses were calculated by using 

the shear lag effective widths for flanges as given in the Design 

Rules(32)but following a slightly modified procedure in obtaining 

the distribution of longitudinal stress. The modifications made 

were as follows: 

(a) 	In determining the distribution of longitudinal stress 

across any transverse section of the compression flange, 
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the formula used was, 

r - 4 	4 -I 

= 	[(-)3-) 	"  4 1  {1  lx max - B 

where 	V 	= Effective width ratio as given in the Design 

Rules 

a 
'max 

= Longitudinal stress at the flange/web junctions 
calculated from engineering beam theory using the 

effective widths of flanges 

B 	= Half width of flange between web centre-lines 

= Distance from the centre-line of flange. 

The above formula, which has recently been suggested by 

Moffatt and Dowling(62),gives a much better fit with the 

finite element values than the formula given in the Design 

Rules which is based on a simple parabolic distribution. 

(b) 	The values of effective width ratios for cross-sections 

other than at mid-span were obtained from the report(63) 

covering the parametric study which formed the basis of 

shear lag clauses in the Design Rules. The reason for 

taking this alternative course was that the effective 

width ratios presented in the Design Rules correspond 

exactly with the finite element values only at the mid-

span and quarter-span positions, whereas for all other 

intermediate positions the Rules give approximate values 

based on simple interpolations. While this is quite a 

reasonable approach for design, it may not provide a fair 

comparison between test and theory. Reference was thus 

made to the original report and more accurate values of 

effective width ratios were obtained by interpolating 



69. 

between the exact distribution curves as given by the 

finite element values. 

Referring to Fig. 2.65, it may be seen that the experi-

mental and theoretical stresses compare very well. The 

comparison is particularly good at the mid-span section K, 

where the effective width ratios were known exactly. The 

ratios for the mid-span section were as follows: 

Compression flange : * = 0.41 

Tension flange : * = 0.45 

For higher load levels, a comparison of the measured and 

theoretical longitudinal strains at the compression flange/web 

junctions is made, and this is shown in Fig. 2.63a. It 

may be seen that at 158.0 tonf centre point load, the 

measured strains are fairly close to the theoretically 

predicted values while at 258.0 tonf, the experimental 

values can be seen to depart from the theoretical dis-

tribution. In the inner parts of the flange, however, the 

differences in strains became greater at somewhat lower 

loads due to increased out-of-plane deflections of the 

flange panels. 

2.8.5 	Test 9B: Behaviour under load  

The overall load-deflection relationship of the model for 

Test 9B is shown in Fig. 2.59. Up to a centre point load of 260.0 

tonf, that is, an  = 10.7 tonf/in2,the response of the model was 

linear with the overall stiffness being somewhat less than that 

observed during the initial stages of loading in Test 9A. The limit 

of linear behaviour in Test 9B occurred at nearly the same load as 
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the maximum load reached in the previous test (maximum load in 

Test 9A was 258.0 tonf). The various features observed in loading 

the model to collapse are summarised below. 

(a) At 260.0 tonf edges of the compression flange at mid- 

span reached yield strain, while at a centre point load 

of 296.8 tonf (an  = 12.2 tonf/in2) average mid-plane 

plate strain in the edge panels equalled the yield strain. 

(b) On loading the model to 316.0 tonf, out-of-plane deformat-

ions of the plate panels became just noticeable. In the 

more highly loaded edge panels, spalling of mill scale 

was also observed. 

(c) With further loading, both the overall girder deflection 

and out-of-plane plate panel deflections increased at 

faster rates. At 420.0 tonf, that is, an  = 17.3 tonf/in2, 

there were several well-defined plate buckles in the 

middle-third-span region of panel E-Q. The buckles 

generally alternated in direction with half-wave lengths 

approximately equal to plate panel width. A sketch indi-

cating the development of plate buckles is shown in Fig. 

2.66. 

(d) The maximum centre point load sustained by the model was 

440.0 tonf, i.e. an  = 18.1 tonf/in2. The load was main-

tained in a steady state for about ten minutes, during 

which time the longitudinal stiffeners still appeared to 

be holding up as at 420.0 tonf. However, soon after, all 

the stiffeners in bay E-Q suddenly deflected inwards and 

the load sustained by the model dropped to 376.0 tonf. 
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At that stage the deformations in the mid-span region 

were fairly extensive. When further deflection incre-

ments were applied to the model, the load continued to 

fall while the deformations became even more pronounced. 

Photographs of the model, taken on completion of the 

tests, are shown in Figs 2.67a to 2.67c. The deflections 

of the model under load for various load stages are shown 

in Figs 2.68 and 2.69. 

(e) After the highly stressed edge panels had yielded, inner 

panels of the compression flange continued to take more 

strain. When collapse occurred there was extensive yield-

ing across the flange in the mid-span region. The plastic 

zones extended to approximately one plate panel width on 

either side of the mid-span section. Strains measured at 

several locations on the flange are shown in Figs 2.70 and 

2.71. 

(f) Figure 2.72 shows that in panel E-Q all longitudinal 

stiffeners, except for the lowly stressed centre one, 

deflected inwards with respect to the cross-girders; 

stiffeners closer to the webs deflected more than inner 

ones. As for the centre stiffener, although the graph 

shows inward deflections (positive values on graph, Fig. 

2.72) the net out-of-plane deflections after allowing for 

curvatures due to overall bending, were outwards. At low 

loads, however, these out-of-plane deflections were very 

small. Stiffener 8 also exhibited similar behaviour but 

the outward movements remained small throughout. In fact, 
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above 420.0 tonf, the deflections showed a definite in-

ward trend. In bays A-E and Q-U, the stiffeners deflect-

ed outwards although initially small inward deflections 

were recorded. Figures 2.72 and 2.73 show also that when 

the ultimate capacity of the model was reached, there was 

a sudden loss in the flange stiffness as all longitudinal 

stiffeners in bay E-Q, including, the centre stiffener, 

collapsed inwards. 

(g) The distribution of shear strain in the compression flange 

at section I-J (74 in from mid-span), shown in Fig. 2.74, 

is one that would be associated with varying longitudinal 

strain due to high shear lag. At higher loads, however, 

due to the increased participation of the inner flange 

panels in carrying the longitudinal compression, the shear 

carried by the inner panels also increased. 

(h) The presence of high shear lag in the flange resulted in 

a gradual spread of plasticity from the edges into the 

inner panels. The effect of this on the overall response 

was to produce a gradual deterioration of stiffness as the 

maximum load was approached. 

(i) The maximum mid-span moment sustained by the model was 82 

per cent of the calculated plastic moment for the entire 

box cross-section. 
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2.9 	TESTS ON MODEL 10 

2.9.1 	General  

Model 10 was essentially similar to Model 9 with regard 

to geometry and material properties, but was tested under a uniform 

moment condition so as to provide a basis for comparing the results 

of the centre point load test on Model 9. The only significant 

difference in the construction of the models was the additional 

longitudinal stiffening in the end bays of Model 10. The purpose 

of introducing further stiffeners was to ensure that the middle 

panel was a critical one, and that the failed section was not in-

fluenced by the loading units (Fig. 2.6) welded to the ends of the 

model. To further ensure that the reinforcing of end panels did 

not unduly alter the boundary conditions for the critical middle 

panel, the intermediate stiffeners were tapered uniformly from full 

depth (24 in) at mid-panel positions to zero by the internal cross-

girders. Details of these stiffeners and other dimensions of the 

model are given in Figs 2.75a to 2.75d. 

Based on measured thicknesses and gross sections, the 

slenderness ratios for the compression flange plate panels and 

stiffeners were as follows: 

b/t for flange plate panels = 48.8 (cf. 49.3 for Model 9) 

2./r for plate/stiffener combination = 75.6 (cf. 75.4 for 
Model 9) 

The model was subjected to three loading cycles. In the 

first cycle, Test 10A, the model was loaded in several increments 

to 158.0 tonf (total load on each loading arm) and then unloaded. 

In Test 10B the loading was applied again incrementally to a maxi-

mum value of 180.5 tonf. The final test, Test 10C, was the collapse 
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test in which the model was loaded from zero load to the maximum 

load it could sustain, that is, 196.0 tonf. 

	

2.9.2 	Initial Out-of-Plane Deflections  

Transverse and longitudinal initial deflection profiles 

of the compression flange are shown in Figs 2.76a and 2.76b. 

Details of the reference grid used for Model 10 are similar to 

those forModel 9 (Fig. 2.58a). 

Profiles along transverse sections of the middle bay of 

the compression flange, exhibit overall outward deflections with 

plate panels between longitudinal stiffeners bowing inwards in the 

same way as in Model 9. In the end bays A-E and Q-U, however, the 

pattern of transverse deformations was different due to the presence 

of additional longitudinal stiffeners. 

Referring to the longitudinal profiles, Fig. 2.76b, it 

may be seen that the initial stiffener deflections were in the 

preferred buckling mode with deflections in the middle bay directed 

outwards, that is, away from stiffener outstands. The maximum and 

average measured deformations of the stiffeners are given in 

Table 2.3. 

	

2.9.3 	Test 10A: Behaviour under Load  

The overall load-deflection behaviour of the model is 

shown in Fig. 2.77. Two sets of curves are plotted: the first 

shows centre deflections of the entire girder length A-U (span = 186 

in, i.e. 3 bays at 62 in), while the curves on the second graph show 

centre deflections for span E-Q. For the purpose of comparing the 

observed deflection values with those predicted theoretically, the 
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latter graph was used,as it was convenient to compute deflections 

for the length of girder lying between sections E and Q (which con-

tained the critical compression flange panel) where the cross-

sectional geometry was uniform. In the end bays of the model, the 

cross-section varied due to the presence of tapered longitudinal 

stiffeners. 

Figure 2.77 shows that the response of the model was 

linear up to a load of 139.0 tonf (an  = 11.5 tonf/in2), with the 

observed deflections agreeing well with those computed from simple 

beam theory. Between 139.0 tonf and 158.0 tonf (an  = 13.1 tonf/in2) 

the overall stiffness of the model was marginally lower. Out-of- 

. plane deflections of the compression flange, Figs 2.78 and 2.79, 

indicate that the directions in which the stiffened panels deflect-

ed followed the initial shape of the compression flange, i.e. the 

middle panel (E-Q) deflected outwards away from stiffener outstands, 

while the adjacent end panels deflected inwards. Graphs indicating 

the growth of out-of-plane stiffener deflections, Fig. 2.80, show 

that up to about 99.0 tonf the deflections increased almost linearly 

with load. It should be noted that the curves in Fig. 2.80 show 

out-of-plane deflections relative to cross-girders and include 

deflections due to overall bending of the girder. Although the 

curves do not show true stiffnesses as the loads indicated are total 

loads on the model and not loads on individual stiffeners, they 

nevertheless give a good indication of the trend in out-of-plane 

deflection behaviour. 

Figures 2.81a to 2.81d show that up to a load of 99.0 tonf, 

the distribution of longitudinal strain across transverse sections 

of the compression flange was nearly uniform with the observed values 
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being close to those predicted by simple beam theory. Strain dis-

tributions in the longitudinal direction are shown in Figs 2.82a 

to 2.82d. It will be seen that in the vicinity of cross-girders 

the longitudinal strains tended to vary locally. These variations 

appear to have been caused by local curvatures resulting from out-

of-plane deformations at the cross-girder positions being restricted. 

On the outer fibres of the compression flange at locations where the 

webs intersected with the transversals, the local strain concentrat-

ions were due to the restraining effects of cross-frames on lateral 

in-plane movements of the flange, i.e. Poisson effect (as in Models 

4 and 8). 

The maximum load to which the model was subjected in Test 

10A, was 158.0 tonf. At that stage the average longitudinal strain 

in the outstands of inner longitudinal stiffeners at mid-span was 

approximately 90 per cent of the yield strain. 

Upon unloading the residual centre deflection of the 

girder of span A-U was 0.012 in while the centre deflection for 

girder span E-Q was 0.002 in. The maximum value of residual out-

of-plane stiffener deflection in the middle bay was of the order of 

the transverse stiffener spacing/2500, directed outwards. In the 

end bays, residual deflections were opposite in mode and the maxi-

mum value was approximately half that observed in the middle panel. 

2.9.4 	Test 10B: Behaviour under Load  

In the second test, the deflections of the girder increased 

linearly with load until 160.0 tonf (an  = 13.2 tonf/in2). The over-

all bending stiffness of the model over this load range was fraction-

ally higher than that observed in Test 10A. The out-of-plane 
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deflections of the compression flange (Figs 2.83 to 2.85) continued 

to develop in the preferred buckling mode as observed in the first 

test. On loading beyond 160.0 tonf, there was a gradual loss in the 

overall stiffness of the girder. Strain readings taken at 168.0 

tonf indicated the start of compressive yielding in the outer fibres 

of stiffener outstands at the mid-span section of the girder. With 

further loading the outstand strains increased very rapidly. This 

was accompanied by increased magnification of out-of-deflections of 

stiffeners (Fig. 2.85) and a reduction in the overall bending stiff-

ness to approximately half the initial value. 

Up to a load of approximately 171.0 tonf On  = 14.1 tonf/in2) 

the transverse membrane strains at the mid-span section of the com-

pression flange (Fig. 2.87) were merely the Poisson strains associated 

with the strains applied longitudinally (that is, the transverse 

strains were 0.3 times the longitudinal strains) but at higher loads 

the transverse strains increased significantly; this indicates, there-

fore, that there was some post-buckling or membrane action in the 

centre bay of the compression flange. 

n Test 10B, the maximum load applied on the model was 180.5 

tonf, that is, an  = 14.9 tonf/in2, and at that load stage there was 

significant spalling of mill scale in the highly stressed regions of 

the stiffener outstands at mid-span. Over the cross-girder regions, 

some outer surface yielding of the compression flange plate was also 

observed. Upon unloading the residual centre deflection of the girder 

was 0.019 in for span A-U and 0.003 in for the middle span E-Q; the 

load-deflection curves for both spans are given in Fig. 2.77. 
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Referring to Figs 2.89a to 2.89e it may be seen that the 

distribution of longitudinal strain across the flange exhibits an 

unexpected feature in that mid-plane plate strains between stiffen-

ers exceeded the strains measured over the stiffeners. This is 

very unusual for a plate subjected to compressive loading. It will 

be noted that the pattern of strain distribution was extremely con-

sistent and that the difference in the strains became greater as 

the applied load was increased. It is interesting to note that the 

distribution of secondary longitudinal strain (i.e. component of 

longitudinal strain tending to modify the overall bending strain, 

to produce the observed distribution pattern) is somewhat analogous 

to the strain distribution due to shear lag in a wide flange beam 

under lateral loading. The secondary strains in the plate, which 

were tensile due to the bending of the stiffened panel (E-Q) away 

from stiffener outstands, were always higher at the longitudinal 

stiffeners and lower between them. It would appear, therefore, 

that there was some kind of lag in the distribution of bending 

components of longitudinal strains. Of course, this reasoning 

could equally be applied to the case when out-of-plane deflections 

occur in the direction of stiffener outstands and the result under 

such a situation would be a post-buckling type strain distribution 

between stiffeners. From the observations made in this test, it 

would seem that the phenomenon is associated with large-deflection 

behaviour and one that could possibly be explained by a large-

deflection analysis of discretely stiffened plates. A computer 

program for just such an analysis is currently being developed(36) 
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2.9.5 	Test 10C: Behaviour under Load  

The load-deflection relationship of the girder section 

E-Q, Fig. 2.77, shows that up to 160.0 tonf (an  = 13.2 tonf/in2) 

the stiffness of the girder was comparable to that observed in the 

previous test. However, as further loading was applied, there was 

a gradual deterioration in the overall bending stiffness. At 192.0 

tonf spalling of mill scale was observed in areas of the compress-

ion flange plate adjacent to web/flange/transversal intersections. 

As the loading was increased, out-of-plane deflections of plate 

panels in the above locations became noticeable, while near mid-

span the outstands of longitudinal stiffeners exhibited slight 

lateral deflections. 

The maximum load sustained by the model was 196.0 tonf, 

corresponding to mid-plane compression flange plate stress, an, of 

16.2 tonf/in2. Application of further deflection increments 

resulted in increased out-of-plane deflections of the compression 

flange, and this in turn produced further lateral deflections of 

stiffener outstands. Photographs of the compression flange, taken 

after completion of the test, are shown in Figs 2.90a to 2.90c. 

Deflections of the compression flange, measured at several 

stages of loading (Figs 2.91 to 2.93) indicate that the stiffened 

panels continued to deform in the modes observed in earlier tests 

but the rates of growth of deflections were much greater in Test 

10C. This was because the initial deflections of the panels were 

more pronounced in the final test due to plastic deformations that 

occurred in previous tests. 
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The growth and distribution of strains in the compression 

flange, for Test 10C, are shown in Figs 2.94 to 2.97. Generally, 

the strains exhibited similar features to those observed in Test 10B 

but the level of straining was much higher in the final test. In 

particular, longitudinal strains in the outer fibres of stiffener 

outstands at mid-span assumed very high values and at collapse these 

strains were several times the yield value. Transverse membrane 

strains in the compression flange plate (Fig. 2.95) also continued 

to develop at an accelerated pace. One further feature that may be 

noted is that at collapse longitudinal compressive strains in areas 

of the compression flange plate adjacent to the webs were very close 

to the yield strain. 

The maximum moment carried by the model was 1.17 times 

that which initiated yielding in the outer fibres of stiffener out-

stands at mid-span. In terms of the full plastic moment capacity of 

the box sections, the maximum moment developed by the model was 74 

per cent. 

From the results of the tests on Model 10, it is evident 

that there was some post-buckling reserve in the compression flange. 

The presence of longitudinal stiffeners of compact cross-section 

(d/t
s 

= 8.8) enabled the flange to retain much of its load-carrying 

capacity. 
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CHAPTER 3 

THEORY: BEAM-COLUMN APPROACH 

3.0 	GENERAL 

In the introductory chapter some approaches to the problem 

of analysing the behaviour of stiffened compression panels were indi-

cated. The methods of analysis described in this thesis are (a) the 

beam-column or strut approach, and (b) the beam-column grillage 

approach. In both these methods the stiffened panel is idealised by 

a series of repeating struts consisting of the individual stiffeners 

and associated widths of plating. For the beam-column approach, the 

idealised struts are assumed to be supported on springs which simulate 

the stiffnesses of cross-girders. By representing the cross-girders 

in this manner, the problem in effect reduces to that of analysing 

just one beam-column with intermediate spring supports. In the grill-

age approach, on the other hand, the series of idealised struts are 

assumed to be supported at the cross-girder positions by discrete 

transverse members consisting of the individual cross-girders acting 

together with effective widths of plating. Thus, in this latter 

method, the analysis involves a grillage of beam-columns. Details of 

the extension of the beam-column treatment to grillage analysis are 

given in Appendix A. 

In the present chapter, the method of analysis used for 

the beam-column problem is described. Since it is not necessary to 

restrict the number of spring supports for the column, the problem 

is formulated for the general case of a beam-column with any number 

of spring supports. The analysis of a single-span pin-ended column 

is considered by simply assigning zero values to the spring con- 
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stants. However, as will be shown later, if the springs are 

specifically excluded from the analysis, the solution process can 

be simplified. 

3.1 	MOMENT-THRUST-CURVATURE RELATIONS 

Having idealised the stiffened plate as a beam-column, 

the solution process involves determining the equilibrium shape of 

the column for the required load and boundary conditions. For this 

purpose it is necessary that the moment-thrust-curvature relations 

for the cross-section of the column be known. Any analytical 

procedure for determining these relationships would have severe 

limitations due to such factors as non-linearity of the material 

and the presence of welding residual stresses. The problem becomes 

even more acute when the component plated elements are slender and 

buckling of these elements has to be considered. For the present 

study, therefore, an iterative numerical procedure is adopted in 

which the behaviour of plate panels is described by their load-end 

shortening characteristics instead of the material stress-strain 

curves. 

The assumptions made in deriving the moment-thrust-

curvature relations and details of the computation procedure are 

described in the following sections. 

3.1.1 	Assumptions  

(1) 	Plane cross-sections of the beam-column before bending 

remain plane and normal to the centroidal axis after any 

load application. Thus it follows that the strain dis-

tribution over the cross-section depth is linear, i.e. 
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the strain varies in proportion to the distance from the 

neutral axis. 

(2) The stress-strain relationship for the plate in compress-

ion can be described by average stress-strain curves as 

derived from large-deflection elasto-plastic analyses of 

isolated plate panels suitably idealised with respect to 

the boundary conditions and loading. This assumption 

enables the effects of elastic-plastic buckling of plate 

panels of medium to large slenderness to be included in 

the column analysis. 

(3) The stiffener is sufficiently stocky in cross-section so 

that no llab flexural or torsional buckling of the stiff-

ener itself occurs. 

(4) The stress-strain curves are reversible. In other words 

it is assumed that the relationship of stress to strain 

during unloading is the same as that for loading. Any 

value of strain thus uniquely defines a stress value. 

It is recognised that this assumption does not strictly 

represent the true behaviour as unloading in most yielded 

materials occurs in a nearly elastic manner. However, 

the errors resulting from this assumption are not likely 

to be of any significance in columns subjected to pro-

gressive loading. 

(5) Shear stresses are small so that their effects on yield-

ing in any combined stress situation can be considered 

to be small too. 
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3.1.2 	Residual Stresses  

Residual stresses in steel occur mainly as a result of 

differential cooling. In the case of rolled shapes these stresses 

are produced during the process of cooling from rolling temperature 

to air temperature, when some parts of the section cool more rapidly 

than others. In fabrication by welding the cooling of the region 

affected by a welding bead also produces residual stresses. The 

region in the vicinity of the weld is left with tensile stresses at 

the yield value of the material which are balanced by compressive 

stresses in the surrounding material. The magnitudes of the com-

pressive residual stresses depend on a variety of factors such as 

the type of welding process used, the welding sequence, the rapidity 

of cooling of the weld, the thickness of the welded component and 

clamping procedures. The task of predicting these stresses 

accurately for use in any analysis is, therefore, not an easy one. 

Considerable research work has gone into this subject, the study 

carried out by Dwight and Moxham
(64) is one example. More recently, 

a lot of work went into collecting information on weld-induced 

residual stresses in plated components used in actual bridges(65)  

Much data was also obtained from the box girder models described in 

this thesis. But the problem of accurately predicting the levels 

of residual stresses and their distribution patterns still remains. 

Thus, in making allowances for residual stresses in any computations 

one has to make some approximations with regard to the magnitudes 

of the shrinkage forces involved,and also it is necessary to assume 

some idealised form of stress distribution. 

Except in very stocky plates, residual stresses generally 

have some effect on the carrying capacities of the plates. In the 
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case of stocky components, residual stresses influence the behaviour 

of the components in compression only in that they cause non-linear-

ity to occur earlier. This is because the residual stresses are 

self-equilibrating and the in-plane performance of the elements is 

affected only through earlier yielding in regions where the com-

bined residual and applied compressive stresses attain the yield 

value of the material. 

From the data that has been collected by researchers it 

has become apparent that the compressive residual stresses in the 

plate between stiffeners, are distributed more or less uniformly. 

Consequently, an idealised form of stress distribution that is 

often used in calculations is the self-equilibrating rectangular 

stress pattern, shown in Fig. 3.1a. This form of stress distribut-

ion was first suggested by Dwight and Moxham
(64) 

Measurements made so far indicate that the pattern of 

residual stress in the stiffener outstand cannot be predicted 

reliably. Hence, if stiffener residual stresses are to be included 

in any theoretical analysis, assumptions have to be made with 

regard to the pattern of stress distribution. 

In the beam-column analysis, residual stresses in the 

plate/stiffener cross-section are incorporated in the following 

ways:- 

(1) 	For the plate panels the residual stresses are considered 

in the derivation of the average stress-strain relations. 

Thus in the column analysis the plate panels are assumed 

to be stress-free initially. However, if the residual 

stresses need to be considered separately, such as in 
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stocky sections when material stress-strain curves are 

used, an idealised self-equilibrating distribution such 

as that shown in Fig. 3.1a could be easily included. 

(2) 	For the stiffener outstand any idealised form of residual 

stress distribution could be considered. One method that 

may be used to obtain such a stress pattern is to assume 

that the residual stress distributions in the stiffener 

and in the plate are separately self-equilibrating. This 

approach was first suggested by Nagaraja Rao et al(
66) 

in connection with residual stresses in welded Tee-shapes 

and was later used by Little(48) The stress distribut-

ion for the stiffener is shown in Fig. 3.1b. Assuming 

that the variation of residual stress with depth outside 

the yield tension block, is linear, a self-equilibrating 

stress distribution for the stiffener may be obtained 

using either of the following two conditions: 

(a) The yield tension block at the base of the stiffener 

is of fixed width, the size being determined by some 

empirical means such as that recommended by Dwight 

and Moxham(64) 

(b) The width of the tension block is varied such that 

when the linear stress distribution in the rest of 

the stiffener is extrapolated to the mid-plane of 

the flange plate, the resulting stress is equal to 

the residual compressive stress (aR) in the plate 

(Fig. 3.1b). This form of stress distribution 

produces tension blocks in the stiffeners of much 
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smaller widths compared to those in the plates. The 

main drawback of this method, using either condition, 

is that it always produces tensile residual stresses 

at the tips of the outstands, whereas in practice, 

compressive stresses at these locations have often 

been recorded 
 

An alternative approach for determining the stiffener 

residual stresses is to assume a known width of tension block in 

the stiffener in the same way as in the last method, and then deter-

mine the stresses in the remainder of the cross-section (including 

the plate) such that equilibrium of the resulting normal forces and 

moments on the section, is satisfied. The method has been used 

before by Virdi
(47) and the stress distribution that results is shown 

in Fig. 3.1c. Calculations of this kind can produce both compressive 

and tensile residual stresses on the tip of stiffener outstand, 

depending on the size of the tension block and the depth of outstand. 

However, the fact that the plate has to take more residual stresses, 

in addition to those already included in obtaining the average 

stress-strain curves, means that the capacity of the plate is often 

underestimated. 

Whichever residual stress distribution is employed, the 

stresses are first converted to strain values and these are then 

used in the column analysis. 

3.1.3 	Expressions for Deriving Moment-Thrust-Curvature  

Relationship  

The procedure described in this section for deriving the 

relationship between bending moment, axial force and curvature for 
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any given cross-section can be applied to any column problem in 

which bending occurs in the plane containing the axis of symmetry. 

Any cross-sectional shape which can be adequately defined by a set 

of rectangular dimensions may be considered in the analysis. 

The cross-section of the beam-column is considered to be 

sub-divided into rectangular elements as shown in Fig. 3.2. Since 

bending is assumed to occur about an axis perpendicular to the axis 

of symmetry, the number of sub-divisions of the cross-section in the 

direction of this axis need not be more than those required to define 

the geometry of the cross-section. However, if residual stresses of 

the plate have to be included in the column analysis, then further 

sub-divisions of the plate may be necessary to ensure that the 

assumed residual stress distribution is incorporated properly. 

Figure 3.2 shows the strain distribution in a typical 

cross-section. Consistent with the assumption that plane sections 

before bending remain plane after bending, the strain at any locat-

ion on the cross-section can be considered to be proportional to the 

distance from the neutral axis. If the neutral axis is located at a 

distance hn 
from the reference axis a-a (top surface of the plate 

in Fig. 3.2), the strain ea 
at a-a for any curvature, 4, is given by 

a 
= x hn 

The strain c at the centroid of any element of area SA is, 

= 4) • (hn  - h) 
	 .... 3.2 

where h is the distance of the centroid of the element from the 

reference axis. 
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Equation 3.2 gives the value of strain due to curvature 

and axial thrust on the cross-section. If there are any residual 

strains to be considered, then these are included to obtain the 

total strain ET' that is, 

ET = c 	ER 	 .... 3.3 

where E
R 

is the residual strain in any element. 

The stress a in an element is a function of the total 

strain CT. Thus using any suitable stress-strain relationship 

expressed either in a mathematical form as 

f (CT) 
	 .... 3.4 

or as represented numerically, the stress for each element can be 

determined. . 

With the stress in each element known, the element force 

is given by 

(SP = a • a 	001.4 3.5 

Summation of the element forces for the entire cross-

section results in the total axial force P acting on the section. 

Hence, 

P=E  SP 	.... 3.6 

The moment M
a 

is obtained by summing up the moments of 

all the element forces about a-a, that is, 

= E OP • h) 	 *008 3.7 

If the centroid of the cross-section is located at a 

distance hc 
from the reference axis, the moment M about the 
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centroidal axis is, 

M = P • he -Ma 	 .... 3.8 

The axial force on the section is often expressed as a 

ratio of the squash capacity Po. This capacity is evaluated from 

the relation, 

Po = E(O • SA) 
	 .... 3.9 

where a
o 

is the yield stress for the element. The cross-section 

may be composed of more than one material and hence ao  may vary. 

In the above expressions, all strains, stresses and hence 

forces of compressive nature are treated as positive. Curvature 

and moment causing greater compression in the cross-section at a-a 

are also considered as positive. 

3.1.4 	Method of Computation  

Using the expressions derived in the last section values 

of moment and thrust can be generated for any specified curvature 

4), by simply varying the depth of neutral axis hn. To obtain the 

neutral axis position for any given P and $, either an interpolation 

scheme or an iteration procedure may be used. The method adopted 

for the beam-column analysis involves both interpolation and iterat-

ion. The steps involved in the computations are as follows: 

(a) As a first guess, any arbitrary value for hn 
is chosen. 

Then, for the given curvature a set of values of axial 

thrust and moment is evaluated in the vicinity of hn
, 

using any small increment for hn
. 
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(b) By linear extrapolation from the values obtained, an 

approximate position for the neutral axis corresponding 

to the given load P, is found. If necessary, step (a) 

is repeated with an improved estimate for h
n 
until the 

evaluated axial thrust is close to P. 

(c) The final solution for hn'which establishes the required 

moment-thrust-curvature relation to within any specified 

degree of accuracy, is then determined by iteration. 

Once a neutral axis position hill  for any given curvature 

0 and axial load P is located, the data is used to provide a very 

good starting value for any subsequent calculations. Hence if hn2  

corresponding to another curvature 42  but same axial load P, is to 

be found, the value may be guessed from elastic considerations using 

the relation, 

hn2=  hni (h 
 ill hc)(72. 	1) 
	

0040 3.10 

With the use of equation 3.10 the number of extrapolations 

is reduced and often iteration is not needed. 

3.2 	DETERMINATION OF EQUILIBRIUM SHAPE 

Knowing the relationship of moment to curvature for any 

axial thrust on the section, the next step in the analysis is to 

determine the deflected shape of the beam-column under the action 

of the external loads. Figure 3.3a shows a pin-ended beam-column 

subjected to compressive end load P and lateral load Q. The 

deflected shape of the column is obtained from equilibrium 
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considerations. At every point along the length of the 

beam-column, equilibrium between external and internal moments and 

thrusts must be satisfied, that is, the following conditions must 

be met: 

P = f a • dA 	 .... 3.11 
A 

and 	
ME = 

MI 	 .... 3.12 

where ME  is the bending moment due to external loads in the deflect-

ed state, and MI  = internal moment = f (P, 

Due to the inelastic nature of the problem, any analytical 

attempts to achieve a simultaneous solution of the equilibrium 

equations for every point on the column, must face limitations. 

Consequently, the problem is best solved by an iterative numerical 

technique, with equilibrium satisfied at several discrete points 

along the length of the beam-column. The procedure for setting up 

the equilibrium equations and the method chosen to solve them are 

described in the following sections. Since a beam-column which is 

laterally supported by springs at some intermediate positions is 

analysed in a similar way, the procedure is presented for the 

general case of such a beam-column. The particular case of a beam-

column with no lateral supports is obtained by assuming zero values 

for the spring constants. Any constant lateral loading, that is, 

loading not varying with P can also be considered but the details 

of including such loading in the analysis are given later in this 

chapter. 
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3.2.1 	Assumptions  

The following assumptions are made in addition to those 

used in deriving the moment-thrust-curvature relationship for the 

cross-section. 

(1) The deflections of the beam-column are such that the 

slopes at all points along the length are small, so 

that the curvatures can be represented by the second 

derivatives of the deflections y. Thus, 

(1) 
	

dx2 
	 .... 3.13 

(2) Deflections due to shear strain are small and can be 

neglected. 

(3) The assumed residual stress distribution for the cross-

section is constant over the whole length of the column. 

(4) The average compressive stress-strain curves for the 

plate apply to all stations along the span. 

3.2.2 	Equilibrium Equations for the Beam-Column Problem  

Figure 3.3b shows a pin-ended beam-column of length L 

and consisting of N number of spans. The column is subjected to 

compressive end load P and is supported at the (N-1) intermediate 

positions by springs of stiffnesses K 1  , K2 	K
s 
etc. It is 

assumed that under the action of the compressive loading, the 

lateral forces exerted by the springs on the beam-column are pro-

portional to the deflections of the column at the spring locations. 

Hence at any support s, 

F = K • A 
s 	s 	s 

.... 3.14 
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where F
s 
is the spring reaction and As 

the beam-column deflection 

at the location of the spring. 

Let the length L of the beam-column be divided into n 

equal segments such that the spring locations coincide with the 

nodal points as shown in Fig. 3.3b. At any section r of the column 

let the initial deflection of the centroidal axis be yor  and the 

	

total deflection (under load) be 	In In all subsequent notations 

the suffix r will be used to denote quantities relating to station r. 

To establish the deflected shape of the beam-column under 

load P, the equilibrium equations need to be written for each 

station and a simultaneous solution obtained. The steps involved 

in writing these equations are now described while the solution 

process which involves numerical iteration using a generalised form 

of the Newton-Raphson convergence criterion is given in the follow-

ing section. 

As a first step, a deflected shape for the beam-column is 

assumed. From the trial values of deflections for the spring 

supports Ai(i=1,N-1) the spring reactions Fi(i=1,N-1) are determined 

from equation 3.14. The end reactions RA  and RB  (Fig. 3.3b) are 

then obtained from a consideration of the statics of all lateral 

forces. If the bending moment due to the lateral forces only is 

denoted by (AL)r  then the total external moment (M...E
)
r 
 is given by, 

(NE)r = P  • Yr 	(111,)r 
	.... 3.15 

Using equation 3.13, the curvature at any station r can be expressed 

in the finite difference form as, 

(1)1. = 	
1 

6x2 
(Y

r
-1 - 2Yr Yr+1) 	for 

.... 3.16 

where Sx is the beam-column segment length and 
(or  is the initial 

curvature. 
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With the curvature known the procedure given in Section 

3.1.4 is used to determine the internal moment (MI)r corresponding 

to the load P. Now, if equilibrium is to be satisfied the follow-

ing condition must hold at each station. 

P • Yr 	(14dr = (1qI)r 
	.... 3.17 

For a pin-ended beam-column, we have, 

Yr=o = Yr=n = 
0 	 .... 3.18 

Thus the analysis now involves solving (n-1) non-linear simultaneous 

equations. 

3.2.3 	Solution of the Equilibrium Equations  

Equation 3.17 can be rearranged and written as, 

Yr = 1 
	

(ML)r] 

	
3.19 

Now for any given load P, the moment (MI)r is a function 

of the curvature only while (ML)r  depends only on the spring forces, 

that is, 

(MI)r = f(4)r) 
	 .... 3.20 

and 
	

(cr  = f(F1, F2, ... 	.... 3.21 

Since the curvature and spring force both depend on the assumed 

deflected shape, for any trial deflection vector fyil.. 
1,n-1 a  

function Y
r 
can be computed for each station r, so that, 

Y = W - X r r r .... 3.22 

1 where Wr and Xr represent respectively the functions P — (MI)r  and 

1 —  P OHL
L
)
r  corresponding to the assumed deflections. The function 
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vector {Yj}i=1,n_1, therefore, represents the computed deflections 

corresponding to the trial values {Yj}. In the equilibrium state, 

the assumed and computed deflections of the beam-column must con-

verge. Hence the equilibrium conditions may be expressed in another, 

more general, form as, 

Ej(Yk) ) = y. - Y.(yk  ) = 0 	
j=1,n-1 (k=1,n-1) 

.... 3.23 

The solution of the above equations is achieved by iterat-

ion using the generalised Newton-Raphson method in which successive 

approximations of the solution vector converge at a quadratic rate. 

The convergence criterion used in the iteration process may be 

derived as follows: 

Let {y
k
} be an approximation to the solution vector, and 

let {6y0 denote the vector for the correction terms that must be 

applied to obtain the solution vector {yid. Then, 

{Y0 = GO + {6Y0 
	

04140 3.24 

Equation 3.23 then becomes, 

	

E
j 
 (y
k 
 + Syk) = 0 
	.... 3.25 

Expanding the above equations by Taylor's formula and ignoring 

second and higher order terms for small Syk
, we have: 

rE. (37 1 

{E.(y  )1 	__t 	• {Syk} = 0 	
.... 3.26 

j k 	a 
/
yk yk=k 

where is the Jacobian matrix of the function 
@yk yk.k 

E.(yk 
 ) about the vector {y 

j  = GO. 
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Equation 3.26 represents a set of linear equations of 

order (n-1). A simultaneous solution of these equations yields 

the correction terms (6y
k)' 

and hence a better approximation for 

the deflection vector, that is, 

{k)
(2)  = Gic) (1) + {4k) 

	
.... 3.27 

where the superscripts (1) and (2) indicate two successive approxi-

mations. 

The above iteration scheme is continued until the solut-

ion vector is found to within any specified degree of accuracy. 

In setting up the Jacobian matrix of equation 3.26, a 

numerical procedure is followed. The expressions needed to 

evaluate the elements of the matrix will now be given. 

Differentiation of equation 3.23 with respect to yk, 

gives: 

E. 	ay. 
— 6 

aYk jk 3Yk 
.... 3.28 

where6jkistheKroneckerDelta,I..e. 6jk =0 if j 	k, 

and (Silt  = 1 if j = k. From equations 3.20 to 3.22, we have, 

3Y. 	3W.ac 	 DX. 
_ 	— 		. 

aYk 	3Yk aYk 
.... 3.29 

Let the computed values of W
r corresponding to assumed 

curvatures
r 

and (4)
r 
+ Ay/5x2) be w

r 
and w' respectively, where 

Ay is any small quantity. Then, using the finite difference 

expression (3.16) for curvature and noting that 

914. 
= 0 for j y k, we get: 



.... 3.33 
aXr 	(L — xk) 

aYk L 
	 • x

r • C 

for j = k = r, 
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al4 	(wt — w ) 
r r  r r  • (2/6x2) 

D(Pr aYr (LVgx2) 

for j= r and, k= r-1 or k= r+1, 

.... 3.30 

 

914r 	
air 	Dwr 	(w' - w ) r r  • (-1/6x2) 

a4)r aYr-1 a4)r 3Tr+1 (Aygx2) 

40.0 3.31 

for j = r and all other value; of k, 

q) r  a  r 

D(Pr 3Yk 
- 0 .... 3.32 

Now, for j = r 

where C = K
s 

for k coinciding with the spring location s, and 

C = 0 for all other k. 

Thus, with all the elements of the Jacobian matrix now 

known, equations 3.26 may be solved for the correction vector 

{Syk}, by the Gaussian elimination method. 

It is worth noting at this stage that in the particular 

case of all spring constants being zero, the only non-zero elements 

of the Jacobian matrix are those given by equations 3.30 and 3.31. 

These elements, in fact, form a diagonally centred banded matrix 

of width 3. Thus, advantage may be taken of this feature in solv-

ing the equations. 
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3.3 	ULTIMATE LOAD OF THE BEAM-COLUMN 

In the previous sections, a procedure was given for 

determining the equilibrium shape of a beam-column under any 

specified axial loading P. To establish the maximum load that 

the beam-column is capable of carrying for any given initial 

imperfections, an incremental approach is used. The axial loads 

for which equilibrium shapes are to be found, are varied system-

atically in small increments. The ultimate capacity of the beam-

column is then taken to be that load beyond which an equilibrium 

shape cannot be established. By specifying the size of the small-

est load increment, the ultimate capacity can be found to any 

• desired degree of accuracy. 

Using the incremental approach outlined above, the speed 

with which the maximum load can be determined depends on the size 

of the load increment. Maintaining, at all stages of loading, an 

increment equal to the specified load accuracy would slow down the 

computation procedure. Consequently, by adopting a scheme whereby 

the increments are progressively reduced as the ultimate load is 

approached, the numbers of trials can be reduced significantly. 

(P2  P1) 
Also, by evaluating the stiffness /(y  )  _ (y  )  1 for each station 

L r 2 	r I t  

r, where the subscripts 1 and 2 denote the load stages prior to any 

trial load P (Fig. 3.4), the data can be used to obtain a trial 

deflected shape for load P. In this way, the number of iteration 

cycles required for convergence is reduced and often convergence is 

achieved in only two iterations. For loads approaching the ultimate 

value, convergence can generally be achieved within five iterations. 
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3.4 	SUMMARY OF TEE COMPUTATION PROCEDURE 

The following is a summary of the steps involved in 

obtaining a computerised solution of the beam-column problem. 

(1) 	Read in all initial data relating to: 

(a) cross-section and span, including spring constants, 

(b) stress-strain curves, 

(c) initial deflections and residual stresses. 

(2) 	Assume a trial valtie for the axial load P, and also read 

in a trial deflected shape for the beam-column. As an 

initial guess, the deflected profile under load is assumed 

to follow the initial shape. 

(3) 	Evaluate curvatures for each station from equation 3.16 in 

which 

for = 	
1 
6) 
 ( 

Ỳor-1 	2Yor 	Yor+1) 
	

.... 3.34 

where vor-1' Yor 	- vor+1 and 	are the initial deflections at -  

nodes r-1, r and r+1 respectively. 

(4) 	For the assumed deflections, compute the spring forces 

from equation 3.14 and then from statics, evaluate react-

ions RA  and RB. For each station r, evaluate the bending 

moments, (ILL) r, due to lateral forces only. 

(5) 
	

Using the procedure described in Section 3.1.4 for estab- 

lishing moment-thrust-curvature relationships, determine 

the internal moments 
(MI)r corresponding to curvature cpr 

and axial load P. 
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(6) With (tL)r  and (4I)r 
known, compute w

r and hence Yr from 

equation 3.22. 

(7) Change curvatures by Ay/Sx2  and obtain w'. 

(8) Set up the Jacobian matrix of equations3.26, using 

relations 3.30 to 3.33. 

(9) Solve equations 3.26 to obtain the corrections {40, 

and hence a better approximation for the deflections {yid. 

(10) Repeat steps (3) to (9) until the following condition is 

satisfied: 

Yr — Yr  

Yr 
.... 3.35 

  

where y is a small specified value depending on the 

accuracy desired. If the number of iterations exceeds 

the maximum specified, then the load increment AP is 

reduced by a factor (which may vary from zero to 1.0) 

and steps (2) to (9) are repeated. 

If convergence is achieved, the load P is incremented. 

Trial deflections for the new trial load (P + AP) are 

obtained by extrapolation from previous data. Steps (2) 

to (9) are then implemented for the new load value. 

(11) In the above stages of computations, if an equilibrium 

shape cannot be established, and the load increment AP 

is such that, 

AP 
---< EP .... 3.36 

where gp is the accuracy to which the ultimate load is 
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required then the maximum load for which an equilibrium 

state has been found is taken as the ultimate load for 

the beam-column. 

	

3.5 	UNLOADING PATH 

Using the procedure described in Section 3.4 the loading 

branch of the load-deflection characteristic can be traced. A 

similar procedure may be used to trace the unloading path. However, 

in doing so it is important that the trial deflected shape of the 

column for any given axial load is closer to the equilibrium shape 

on the unloading path, rather than on the loading path. Thus, 

after the peak load has been established, the trial deflection values 

for a slightly reduced value of axial load are guessed by assuming 

the slope of the load-deflection curves to be negative. On obtaining 

an equilibrium shape along the unloading path, the trial deflection 

values for another reduced value of axial load are obtained by extra-

polation using a procedure similar to that adopted for the loading 

path. 

	

3.6 	LATERAL LOADING 

In the foregoing sections the analysis described involved 

a beam-column with no applied lateral loading. However, the method 

is very well suited for incorporating the effects of any lateral 

loads on the column. The only additional step in the computation 

procedure is the evaluation of 'free bending moment', that is, bend-

ing moment due to applied lateral loads considered as acting over a 

simple span L. These moments are evaluated for each station r along 
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the beam-column and are then included, at every iteration stage, 

with the moments (ML)r  due to the spring reactions. Any forms of 

lateral load distributions, such as those shown in Fig. 3.5 may be 

considered. 

It is, of course, also possible to include in such an 

analysis lateral loading which varies proportionally with the 

applied thrust. 

3.7 	LINE OF ACTION OF APPLIED THRUST 

The method presented in this chapter for establishing the 

equilibrium shape of a beam-column for any specified end thrust P, 

need not be restricted to the case when the line of action of 

applied load is through the geometric centroid of the cross-section. 

In general, the position of line of thrust may vary so that the 

analysis can be applied to the cases when either equal or unequal 

end eccentricities have to be considered. In addition, the situat-

ion when the line of thrust is required to vary at different thrust 

levels can also be tackled. The need for this latter case of 

'shifting' thrust line arises when the cross-section being analysed 

is asymmetric and the stress-strain behaviour of the component 

elements is different. Under such conditions the geometric centroid 

of the cross-section does not coincide with the location of result-

ant thrust line when the curvature is zero (that is, uniform strain 

condition as shown in Fig. 3.6). Consequently, if the line of 

resultant thrust is assumed to act through the geometric centroid, 

the thrust on the column is in effect applied eccentrically. This 

can be of considerable significance in stiffened plate analysis 



104. 

since the average stress-strain curves used to represent plate 

behaviour can often be very different from the stress-strain curves 

assumed for the stiffener outstands. In fact, if the line of 

thrust is considered to be fixed and acting through the centroid, 

the resulting eccentricity of loading can in some cases exceed the 

initial deflection of the stiffener. Where initial deflections are 

in the direction of the plate, the eccentricities can be large 

enough as to offset the effects of initial deformations. 

In the parametric study described in Chapter 5, the line 

of action is allowed to shift with applied thrust. For any speci-

fied thrust the location of 'effective' centroid, that is, the 

axis about which the moment on the cross-section is zero, for uni-

form strain on the cross-section, is found by iteration. The line 

of resultant thrust is then assumed to act through this new centroid. 

3.8 	ACCURACY OF RESULTS 

The main factors which can influence the accuracy of 

solution of the beam-column problem are: 

(a) idealisation of the cross-section, that is, the number 

of sub-divisions used, 

(b) number of segments assumed for the beam-column, and 

(c) the accuracy with which stress-strain data is represent-

ed numerically, where multi-linear stress-strain curves 

are used to approximate continuous curves. 
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In general, where the stress-strain behaviour is assumed 

to be that of the material, the flange plate may be sub-divided 

into layers; for the parametric study, five layers were considered. 

However, where buckling of the plate is accounted for by an average 

stress-strain curve, the flange plate is not sub-divided into layers 

(Fig. 3.2). Also, since the stiffened panel analysis as described in 

this chapter deals with uniaxial bending only, the number of sub-

divisions along the width of the plate need not be more than those 

required to define the geometry of the cross-section. Of course, 

where residual stresses within the flange plate have to be included, 

more sub-divisions may be necessary. When stiffeners of flat section 

were considered, it was found that fifteen sub-divisions along the 

depth were adequate and further sub-divisions had little effect on 

the ultimate load of the beam-column. The effect, on accuracy, of 

the number of segments assumed along the length of the beam-column 

was also investigated. This is one major factor which greatly 

affects the total computer time needed for the solution. With ten 

sub-divisions of the beam-column length between cross-girders, it 

was found that the ultimate load was conservatively estimated, 

generally to within 0.5 per cent of the load obtained when more sub-

divisions were used. Thus, ten sub-divisions of the length between 

cross-girders were assumed in all subsequent studies. 

Table 3.1 shows a comparison of the results as obtained 

from the present analysis and those given by Virdi(47). The cross-

sectional geometry was similar to that shown in Fig. 3.2. Virdi's 

solutions are based on the assumption that the deflected shape of 

the column can be represented by a sine wave. It has been shown(47) 

that for axially loaded columns this assumption leads to reasonable 
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predictions of the ultimate loads. Table 3.1 shows that the 

ultimate loads for the plate/stiffener columns also compare well, 

the values obtained from the present analysis in which equilibrium 

was satisfied at several stations along the span, being higher and 

within 3 per cent of the loads obtained using the sine wave assumpt-

ion. 
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CHAPTER 4 

COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 

	

4.0 	INTRODUCTION 

In Chapter 2 of this thesis, the observed collapse 

behaviour of the stiffened compression flanges of six box girder 

models was described. This chapter deals with the comparisons 

between experimental and theoretical collapse strengths of the 

flanges. The theoretical values were derived using the column-

type treatment in which the stiffened flange was assumed to be 

represented by a series of repeating struts consisting of the 

stiffener and associated flange plating. For this idealisation 

the width of the flange plate considered to act with the stiffener 

was equal to the spacing of the stiffeners, b. Details of the 

geometries of the various flanges and the material properties of 

the component elements have been summarised in Table 2.1. The 

slenderness parameters for the plate/stiffener columns are given 

in Table 2.2. 

	

4.1 	AVERAGE STRESS-STRAIN CURVES OF THE PLATE PANELS 

Before the behaviour of the stiffened compression panels 

could be analysed it was necessary to establish the average stress-

strain characteristics of the plate panels in compression. For 

this purpose Frieze's computer program(19)  for the large-deflection 

elasto-plastic analysis of plate panels was used. The boundary 

conditions for the plate panels and the assumptions in the analysis 

are described in detail in Section 5.1.1 in connection with the 
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parametric study. The initial imperfections used in the analyses 

and the resulting average stress-strain curves of the flange plate 

panels are given, Figs 4.1 and 4.2. For Models 1, 2, 9 and 10, 

the plate initial deflection (80), that is, the initial bow prior 

to any load application was assumed to be b/400; this value of S .  

is less than the maximum value of measured initial bow (Table 2.3) 

and was adopted as a representative average initial deflection for 

the plate panels in the models listed above. In Models 4 and 8, 

in which the plate panels were stocky, the initial deformations of 

plate panels were not measured; for these models 8
0 
 was taken as 

b/800. For each model, the level of weld-induced compressive 

residual stress assumed in the plate panel analysis was the average 

value of the measured residual stress in the compression flange 

plate. (Figs 4.1 and 4.2, and Table 2.3.) 

4.2 	ANALYSES OF THE STIFFENED PANELS 

The stiffened compression panels of the models that were 

subjected to uniform bending moment were analysed in two ways as 

follows: 

(a) 	Using the single-span approach, the collapse strengths 

of the sections of the flanges between cross-girders 

were determined. The initial stiffener deflections con-

sidered for these analyses were the maximum values of 

the average deflections in the various bays (Table 2.3). 

Both modes of the initial bow, that is, in the direction 

of the stiffener outstand and away from it, were con-

sidered. In Model 2, the average deflection in each bay 
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was directed away from the stiffener outstand; thus,in 

this case the strength of the stiffened panel for failure 

in the alternative mode was obtained by considering the 

maximum value of the measured initial bow in an individual 

stiffener. 

(b) Using the multi-span beam-column approach, the stiffened 

compression panels were analysed as continuous members and 

were considered to be supported by springs at the cross-

girder positions. In calculating the stiffnesses of the 

springs, the cross-girders were assumed to act with 

effective widths of the flange plate equal to B/8 on each 

side of the girders, where B is the width of the compress-

ion flange. The total number of spans in each multi-span 

beam-column corresponded to the number of bays in the com-

pression flange of the model. The stiffener initial 

deflections used for the analyses were the average values 

given in Table 2.3; within each span of a beam-column, 

the initial stiffener bow was assumed to be of sinusoidal 

form. The procedure used for determining the applied 

curvatures at the positions where cusps in initial deflect-

ions occurred is given in Appendix B. 

In the case of the point load tests (Models 1 and 9), the 

stiffened panels were analysed as single-span pin-ended columns sub-

jected to equal end thrusts. Thus, the variation in axial thrust 

due to the longitudinal moment gradient and shear lag was ignored. 

Also, the effect of continuity of spans was not considered for these 

cases. 
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4.3 	PRESENTATION AND DISCUSSION OF THE RESULTS 

The collapse strengths obtained from the single-span and 

multi-span analyses of the various stiffened compression panels are 

given, Tables 4.1a to 4.1d. The panels were analysed as axially 

loaded members and also as eccentrically loaded members so as to 

include the effects of curvatures due to overall bending of the 

girders. Considering the linear variation of strain over the depth 

of the girder and using elastic theory it can be shown that the 

eccentricity, e, is given by the expression, 

e = 
r2 	

.... 	(4.1) 

where r is the radius of gyration of the plate/stiffener combination 

about its centroidal axis parallel to the plate and II is the distance 

between the centroidal axis of the plate/stiffener combination and the 

neutral axis of the box girder. 

The effects of the eccentricity of loading due to overall 

bending were considered in both, single-span and multi-span analyses, 

and the results obtained are tabulated in the appropriate sections in 

Tables 4.1a to 4.1d. 

Except for Models 4 and 9 the experimental values for the 

collapse strengths of the stiffened compression flanges were derived 

by the application of simple bending theory; considering gross section 

properties of the girder, the longitudinal stress at the centroid of 

the plate/stiffener assembly, and hence the average flange force, 

was computed. This procedure was adopted in view of the difficulties 

involved in establishing the exact stress distribution in the flange 

as collapse conditions were approached. The forces obtained by simple 



bending theory will be good approximations of the actual forces 

provided that the webs do not buckle or yield prematurely. 

In Model 4, the webs were significantly stronger than 

the flanges and hence allowance had to be made for the contribution 

of the webs to the moment capacity of the girder (see Section 4.3.3). 

In Model 9, on the other hand, extensive yielding in the webs near 

mid—span occurred before the maximum capacity was reached; the 

flange force at mid—span was thus computed allowing for plasticity 

in the webs (see Section 4.3.5). The collapse values of the flange 

forces ,that is, the forces corresponding to the maximum applied 

moments on the girders are given in Tables 4.1 and are identified 

as (P
m )test'  In the case of central point load tests, that is, 

Models 1 and 9, where the girders were subjected to longitudinal 

moment gradients, the value of 
(Pm)test 

indicated for each girder 

was evaluated as follows: 

(P
m
)
test 

= 0.6 P 	+ 0.4 Pmt M2 
.... 	(4.2) 

where P and P are respectively the maximum and minimum flange 
MI 	M2 

* i forces in the middle bay of the compression flange. The above 

expression, in fact, gives the flange force at a distance of 0.42, 

for Model 1 and 0.4 (2,42) for Model 9. 

In addition to the collapse strengths, Tables 4.1 also 

give the ratios (P
m
)
theory

/(P
m
)
test 

for all the cases analysed. 

Note that the values shown underlined in these Tables, are also 

the collapse strengths listed under the heading 'present theory' 

in Table 4.2; this latter Table gives a comparison of the strengths 

predicted by BS153, the Interim Design Appraisal Rules(IDAR)(69), 

forces on plate/stiffener columns 
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and the present theory. Details relating to the IDAR calculations 

can be found in reference 70. 

4.3.1 	Model 1  

As indicated in Chapter 2, Model 1 was subjected to three 

loading cycles. In the first two loading cycles, the load-carrying 

capacities of the model were reached due to buckling of web panels 

in the outer bays of the model while in the final test, collapse 

occurred in the centre bays with buckling of compression flange 

panels on one side of the central diaphragm and web panels on the 

opposite side. The theoretical analysis of the compression flange 

was thus carried out for three different conditions as follows: 

• (0 	
First Test: 	The plate/stiffener combination was analysed 

with the stiffener initial deflection considered as the 

average measured value for bay D-I'. The average stress-

strain curve for the plate panel was derived using the 

levels of initial imperfections shown in Fig. 4.1. 

(ii) Second Test: 	After completion of the first test, the 

residual initial stiffener deflections in bay D-I' were 

determined and these were treated as additional initial 

deflections for the second test. Although the plate 

panels also had residual deflections after the first 

test, the average stress-strain curve for this exercise 

was assumed to be similar to that of the first test. 

(iii) Final Test: 	Using the residual stiffener deflections 

from the first two tests, the plate/stiffener column was 

analysed for the total initial deflection, that is, 
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including the initial bow measured prior to the first 

test. The average stress-strain curve used to describe 

the plate panel behaviour for this case is shown in 

Fig. 4.1; the curve was derived using a much larger 

plate panel initial bow, So  = b/50, but with initial 

stresses as for the previous tests. 

The collapse strengths of the stiffened panel for the 

various cases investigated are given in Table 4.1a. It will be 

seen that the theoretical strengths for all three tests are higher 

than the experimental values, the difference being least (4 per 

cent) for the final test in which compression flange panel failure 

occurred. In the first two tests, the load-carrying capacities of 

the model were limited by collapse of the web panels in shear, in 

the outer bays. Therefore, the observed flange strengths given 

for these cases are not necessarily the maximum values; this 

explains why the theoretical values are higher than the observed 

values. In the final test, both flange and web buckling contributed 

to the collapse of the girder, and hence the moment capacity may 

have been reduced due to the effects of interaction between the two 

failure modes. 

4.3.2 	Model 2  

Model 2, which was tested under pure bending moment con-

ditions, was subjected to two loading cycles, Test 2A and Test 2B. 

Average stress-strain curves for the plate panels for the two tests 

are shown in Fig. 4.1. The theoretical strengths of the stiffened 

panels, as derived from the single-span andmulti-span analyses, are 

given in Table 4.1b. The results corresponding to Test 2A were 
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obtained using the initial stiffener deflections, measured before 

any load was applied, while for Test 2B the residual stiffener 

deflections from Test 2A were considered as further initial deflect-

ions. 

(1) 	Test 2A:- 	When the multi-span beam-column was analysed 

for axial loading only, that is, with e = 0 (case e in 

Table 4.1b) it was noted that the deflections in adjacent 

bays were sympathetic. There were two zones of weakness 

in the beam-column, namely, the tips of the stiffener out-

stand in the end bay U-W and the plate in the adjacent bay 

0-U. At the maximum load (Pm/Po  = 0.744) the tip of the 

stiffener in the end bay had yielded while the plate panel 

in bay 0-U had attained the maximum value of the stress as 

given by the stress-strain curve (Fig. 4.1). However, when 

the beam-column was analysed as an eccentrically loaded 

member (case f, Table 4.1b), collapse of the beam-column 

occurred due to failure of the plate panel in the regions 

adjacent to Sections A and W. It is interesting to note 

here that in the test, the maximum load-carrying capacity 

of the model was also reached due to collapse of the plate 

panels adjacent to Section W (Fig. 2.23). The theoretical 

collapse strength for Test 2A was 7 per cent higher than 

the observed value, which suggests that the initial imper-

fections in the plate panels at the failed section were 

larger than those assumed in the analysis. 

(ii) 	Test 2B:- 	After completion of the first test, the end 

bays of the model were stiffened (Fig. 2.28) and the model 

was loaded again. For the multi-span analysis three bays 
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were considered, that is, the span of the beam-column was 

assumed to be that between Sections C and U of the flange. 

Table 4.1b shows that the multi-span solution for Test 2B 

(case 1) is 6 per cent lower than the observed value. The 

deformation mode of the beam-column as predicted by the 

analysis was similar to that observed in the test (Fig. 

2.30), the highly stressed regions being the tip of the 

stiffener outstand in bay I-0 and the plate panel in bay 

0-U. 

4.3.3 	Model 4  

Data relating to initial stiffener deflections in the 

compression flange of Model 4 is given in Table 2.3 while the 

average stress-strain curve for the plate panels is shown in Fig. 

4.2. Since the average level of compressive residual stress in the 

flange plate panels was high (all  = 8.04 tonf/in2, a; = 0.562), the 

stress-strain curve shows a marked departure from the initial linear 

behaviour at an early stage in the loading history. 

The comparisons between the theoretical and experimental 

values of the stiffened panel collapse strengths are given in Table 

4.1c. The results from the single-span analysis show that the 

strength of the panel for failure by compression of the stiffener 

outstands (cases c and d) is significantly lower than the strength 

for failure by compression of the plate (cases a and b). Thus, in 

the multi-span analysis, compressive yielding of the tip of the 

stiffener in the end bay U-W, where the average initial stiffener 

deflection was -Z/660 (towards the plate) occurred first; when the 

maximum load was reached, the plate panels in the adjacent bay were 
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also highly stressed. The analysis showed that adjacent bays of 

the beam-column deflected sympathetically in a mode similar to that 

observed during the test. Unfortunately, however, in the model the 

end bays of the compression flange were not strain-gauged and thus 

the extent to which the stiffeners were strained is not known. 

Since the webs in Model 4 were significantly stronger 

than the flanges, the difference in yield stress being nearly 30 

per cent, and also since the moment of inertia of the webs was 

about 17 per cent of the total inertia of the box section, the 

collapse strength of the compression flange was calculated allowing 

for the contribution of the webs to the total moment carrying 

capacity of the girder. From strain measured in the webs(59), it 

was noted that just before the maximum capacity of the girder was 

reached, the longitudinal strains in the webs at the flange/web 

junctions were close to the yield value; the collapse strength of 

the compression flange was thus evaluated on the basis of the 

measured strains, that is, the contribution of the webs to the moment 

capacity was considered as that causing yield in the extreme fibres 

of the webs. 

Referring to Table 4.1c, it will be seen that the 

theoretical strength from the multi-span analysis in which the effect 

of eccentricity due to overall bending of the girder was included 

(case f), compares very well with the observed value, the theoretical 

strength being only 3 per cent lower. 

4.3.4 	Model 8  

The compression flange of Model 8 had three bays. Average 

values of stiffener initial deflections for these bays are given in 
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Table 2.3. The average stress-strain curve for the plate panels is 

shown in Fig. 4.2. The level of compressive residual stress (aR) 

in the flange plate was 6.21 tonf/in2  (aR  = 0.346) and thus as in 

Model 4 loss of stiffness of the plate panel, due to yielding under 

the combined effects of residual stress and applied stress, occurred 

at an early stage of loading. 

Referring to Table 2.3, it will be seen that the average 

stiffener initial deflection in the end bay I-M was negative 

(towards the plate) and of greater magnitude than the average 

deflections (towards the stiffener) in the other two bays. In the 

multi-span analysis, the load-carrying capacity of the beam-column 

was reached due to compressive yielding in the tip of the stiffener 

outstand in bay I-M. The theoretical strengths of the stiffened 

panel for the various cases analysed are given in Table 4.1c. It 

will be seen that the result from the multi-span analysis (case f) 

is 11 per cent lower than the test value; a significant part of 

this difference can be attributed to the observed post-buckling 

behaviour of the compression flange. As discussed in Chapter 2 

(Section 2.7) the compression flange of Model 8 sustained a load 

which was approximately equal to the elastic critical buckling 

load. The presence of stabilising membrane forces in the flange 

plate of the model was indicated by the increase in the level of 

transverse membrane strains as the ultimate state was reached. 

4.3.5 	Model 9  

The compression flange in Model 9 was subjected to vary-

ing longitudinal compression due to the bending moment gradient. 

Thus, only the single-span analysis was undertaken for this model. 
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The initial imperfections assumed for the plate panel analysis, 

and the corresponding average stress-strain curve, are shown in 

Fig. 4.2. Results of the stiffened panel analysis are given in 

Table 4.1d. 

The collapse strength of the compression flange of this 

model was determined in two ways as follows: 

(i) The flange forces, PM1  and P
mt, corresponding to the 

maximum moment sustained by the girder were calculated 

using simple beam theory and (Pm)test 
was given by 

equation (4.2). 

(ii) To take account of plasticity in the webs near the mid-

span region, the collapse value of the flange force at 

the mid-span section, that is, P , was computed with 

the assumption that yielding in the webs had spread to 

a depth of 0.4D from the flange (based on measured 

strains). The flange force at the cross-girder position 

Pmt  was determined without considering any yielding of 

the webs. (Pm)test 
was then evaluated from equation (4.2). 

It will be seen from Table 4.1d that the theoretical 

strength for the case when the stiffened panel was analysed as an 

eccentrically loaded member (case b) was 10 per cent lower than the 

observed value obtained by method (1), but the difference was only 

4 per cent when the test value was evaluated with yielding in the 

webs allowed for in an approximate way (method (ii)). 

However, while comparing the results for Model 9, the 

following factors must be borne in mind: 

D - depth of web 
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(a) The absence of a full-depth diaphragm at the position 

where the maximum bending moment occurred, that is, at 

mid-span, meant that the stiffened compression panels 

in the middle bay had an unusual stress gradient along 

the span. The observed values of collapse strength 

given in Table 4.1d represent the flange force at a 

distance of 0.4 (2/2) from the mid-span section. 

(b) The flange forces are compared on an 'average' basis as 

though the stress distribution across the width of the 

stiffened flange was uniform, whereas in the test there 

was pronounced shear lag. 

4.3.6 	Model 10  

Although the compression flange in Model 10 was sub-

divided into three bays, the critical region of the flange was the 

centre bay; the end bays of the flange had additional longitudinal 

stiffeners so as to reduce the slenderness ratios of the plate 

panels (Fig. 2.75). Since a beam-column with varying cross-sectional 

geometry could not be considered in the analysis, a stiffened panel 

of constant cross-section, representing the flange panel in the 

middle bay, was considered for the multi-span analysis. The 

results obtained are given in Table 4.1d. The average stress-strain 

curves for the plate panels and the relevant initial imperfections 

are shown in Fig. 4.2. 

Comparing the collapse strengths for case d (Table 4.1d) 

it is seen that the theoretical value is 15 per cent lower than the 

observed value. This significant difference in the collapse values 

is partly due to the post-buckling reserve in the flange (Section 
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2.9); also, by considering the plate/stiffener geometry in the 

end bays to be similar to that in the critical middle bay, the 

restraining influence of the increased stiffening in the end bays 

on the behaviour of the stiffened panel in the middle bay, was 

ignored. 
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CHAPTER 5 

PARAMETRIC STUDY 

5.0 	GENERAL 

In this chapter a systematic study on the behaviour of 

stiffened panels in compression is described. The study, which 

was based on the beam-column approach, covered a range of practical 

geometric parameters and its purpose was to investigate the 

influence of geometric initial imperfections and residual stresses 

on the strength of compression panels which are typical of those 

used in stiffened flanges of box girders. The analysis was carried 

out in two stages. In the first instance the behaviour of single-

span pin-ended columns representing repeating sections of stiffener 

and -associated plating in a single panel was established. The 

information obtaified from this study was then used to assess the 

influence of Continuity on the behaviour of two- and three-span 

continuousspanels. For the multi-span panels, 'effective values' 

of stiffener initial deflections are derived. The effective 

deflections given in this study are based on a concept similar to 

that adopted in the Design Rules(32); the effective stiffener 

initial deflection is defined as that value of initial bow in a 

single-span column which produces the same maximum strength as 

that predicted by the multi-span analysis. 
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5.1 	STRESS-STRAIN DATA FOR PLATE PANELS 

To allow for buckling of the flange plate panels, their 

stress-strain behaviour was described by average load-end shorten-

ing characteristics as derived from large-deflection elasto-plastic 

analysis(21). This analysis used the dynamic relaxation technique 

to solve the finite difference form of the governing plate equat-

ions. In the post-elastic range the constitutive relationships 

were provided by the use of a single-layer yield function due to 

Ilyushin(17)  in conjunction with the Prandtl-Reuss flow rule; it 

was assumed, therefore, that plasticity at any section occurred 

over the full depth of the plate. At the time this stiffened plate 

study was initiated, there were very few multi-layer solutions of 

the plate problem. Recently, an extensive set of multi-layer 

solutions(20) has become available. These results which have been 

compared by Frieze(19) show that both approaches predict similar 

behaviour up to peak load, but beyond this stage Ole behaviour is 

more conservatively predicted by the single-layer approach. The 

maximum difference in estimating the peak load by the two methods 

has been shown to be about 31 per cent and this occurs when the 

slenderness of the plate panel is such that the elastic critical 

buckling stress is close to yield stress. For other values of the 

slenderness ratios, the differences are less marked. The parametric 

study described in this chapter was based on Frieze's single-layer 

solutions for all the plate slenderness ratios considered. 

5.1.1 	Features of Plate Panels  

The load-end shortening curves used were those derived for 

plate panels having the following features: 
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(i) aspect ratios (a/b) of unity, 

(ii) edges simply supported and fixed against out-of-plane 

deflections, 

(iii) unloaded edges constrained in-plane to remain straight 

but free to pull-in (this condition closely represents 

that in a multi-stiffened panel), 

(iv) loaded edges held straight and displaced uniformly, 

(v) material behaviour described by elastic perfectly plastic 

stress-strain curves, 

(vi) doubly sinusoidal initial out-of-plane deflections, 	and 

(vii) welding residual stresses represented by the idealised 

rectangular stress pattern, and assumed to be constant 

along the panel length. 

	

5.1.2 	Slenderness Range  

The plate panel slenderness ratios adopted for this study 

were selected to represent the practical range of panels used in 

box girder bridge construction. The particular values of slender-

ness selected were 8 = 0.691, 1.037, 1.383 and 2.074, where 8 is 

the non-dimensionalised plate slenderness and is expressed as, 

b /37; 
= — — t E 

For an elastic modulus (E) of 205000 N/mm2  and a yield stress (60) 

of 245 N/mm2, that is for mild steel, the above 8-values correspond 

to b/t-ratios of 20,30, 40 and 60 respectively. 

	

5.1.3 	Initial Imperfections  

The values of initial out-of-plane deflections for the 

plate panels were chosen to correspond to the limiting values, both 
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minimum and maximum, given in the Interim Design and Workmanship 

Rules
(32). The non-dimensionalised values of initial deflection, 

6
0 
 (= 6 

0 
 /t), are listed in Table 5.1. It will be seen that 6

0 
 is 

presented as a function of B2  as this has been found
(21,31) 

to be 

a more appropriate way of representing the initial deflections for 

the range of slenderness ratios considered. The minimum and maxi-

mum values of initial deflections assumed in the Rules correspond 

to
o 

values of 0.044 B2  and 0.174 B2  respectively. The analysis 

of plate panels with a = 0.691 showed that for both levels of 

initial deflections, the average stress-strain curves were similar 

to the elastic perfectly plastic material stress-strain curve. Thus, 

for this particular slenderness ratio, the stress-strain data for 

the case of an initially stress-free plate was assumed to be of the 

bilinear form (60  = 0 and aR  = 0). 

For 0 = 2.074 an additional level of initial deflection, 

6 = 0.349 B2  corresponding to twice the maximum value assumed in 

the Rules, was considered. 

To study the influence of plate panel residual stress on 

column strength, average stress-strain curves corresponding to 

1 

60  = 0.174 B2 
 and aR = 

0.102, were used. Data relating to the 

initial imperfections assumed in the plate panel analysis is given 

in Table 5.1; the corresponding average stress-strain curves are 

shown in Figs 5.1 to 5.4. These curves were obtained for E = 205000 

N/mm2  and ao  = 245 N/mm2. 
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5.2 	STIFFENED PLATE PARAMETERS 

For the stiffened plate analysis, the plate panels were 

assumed to be stiffened by longitudinal stiffeners of flat section. 

The stiffeners were proportioned such that the depth-to-thickness 

ratio (d/t
s
) was always equal to 10. This assumption was made to 

ensure that the load-carrying capacity of the plate/stiffener cross-

section was not limited by local instability of the stiffener out-

stand. In the column analysis, the stress-strain behaviour of the 

stiffener was assumed to be identical to the elastic perfectly 

plastic (bilinear) material stress-strain curve. 

By choosing to keep d/ts  constant for all longitudinal 

stiffeners, the problem of proportioning the sizes of the plate 

and stiffener elements for any given b/t-ratio was thus reduced to 

that of selecting the ratio a (= stiffener area/plate area). For 

each plate panel slenderness ratio, three values of a were chosen; 

these were a = 0.2, 0.6 and 1.0. The values of hf/r and hs/r, which 

are the ratios of extreme fibre distances to the radius of gyration 

of the cross-section are listed in Table 5.2, for all the plate/ 

stiffener geometries considered. 

Throughout this study, the column slenderness ratio, 2,/r, 

is referred to in its non-dimensionalised form A, given by: 

= 	
1/51;  • — — r Tr E 

(Note: X = 1 when G
cr = 6

0). 

.... 5.2 

The behaviour of only those columns in the slenderness 

range 0 < A 	1.3 (0 < St/r 	120 for mild steel) was investigated. 
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5.2.1 	Initial Out-of-plane Deflections  

The magnitudes of the initial bow in the stiffeners were 

selected to cover the limiting values assumed in the Design Rules. 

Three levels of sinusoidal initial deflections were considered: 

A
0 
 = 1/1000, 1/750 and 1/500. The columns were analysed for both 

modes of initial deflections, that is, in the direction of stiffener 

outstand (considered positive) and away from it (negative). 

	

5.2.2 	Residual Stresses  

To allow for the effects of plate panel residual stress aR 

in the column analysis, the average plate stress-strain curve corres-

ponding to the selected value of aR was used. The ways by which 

• residual stresses in the stiffener outstand can be incorporated into 

the study have been described in Chapter 3 (Section 3.1.2). However, 

due to the uncertainty of the nature of residual stress distribution 

over the depth of stiffener outstand, it was decided to exclude 

stiffener residual stresses from the parametric study. The extent 

to which column strength is affected by these stresses depends on 

the idealisation of the stress distribution. Table 5.3 illustrates 

the influence of the stiffener residual stresses on column strength, 

for one plate/stiffener geometry and A-values of 0.33, 0.77 and 1.10 

(Z/r ratios of 30, 70 and 100 for mild steel). It can be seen that 

the predicted strengths can vary significantly, in some cases by 

approximately 10 per cent, depending on the stress pattern assumed. 

For the examples given in Table 5.3, the residual stresses were 

obtained by the methods described in Section 3.1.2. 
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5.3 	MOMENT-THRUST-CURVATURE RELATIONSHIPS 

Figures 5.5 to 5.7 show typical moment-thrust-curvature 

relationships for the plate/stiffener cross-sections used in this 

study. The curves are presented in non-dimensionalised form for 

some selected values of axial loads. Figures 5.5a and 5.5b which 

relate to 8 = 0.691 and a-values of 0.2 and 1.0 show the curves for 

the case when the stress-strain behaviour is of the bilinear, 

elastic perfectly plastic form. It is seen from these figures that 

the curves for positive and negative curvatures exhibit different 

characteristics due to asymmetry of the cross-section. In 

particular, it will be noted that for positive curvatures the maxi-

mum moment on the cross-section (about the geometric centroid) does 

not occur for the zero axial thrust condition. It can be shown that 

the maximum moment will occur when the neutral axis coincides with 

the centroid of the cross-section; for an asymmetric cross-section 

this condition necessarily involves some axial load. When the 

curvatures are negative, the moment capacities will always decrease 

for increasing axial thrusts on the cross-section. 

Figures 5.5a and 5.5b show also that the maximum moment 

for positive curvature occurs at a higher load for the lower a-value; 

but it will be seen that for any given axial load the difference in 

moment-carrying capacities for positive and negative curvatures is 

much greater for a = 0.2 than for a = 1.0. 

Typical moment-thrust-curvature relationships for plate/ 

stiffener combinations in which the plate panels are slender and 

buckling is accounted for by average stress-strain characteristics, 

are shown in Fig. 5.6 (8 = 1.383, a = 0.6) and Fig. 5.7 	= 2.074, 
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a = 0.6). The curves are given for plate panels with and without 

residual stresses, and do  = 0.174 e. It will be seen that the 

curves reflect the features of the average stress-strain character-

istics, Figs 5.3 and 5.4. In the case of initially stressed plate 

panels, the stress-strain curves show that once yield occurs due to 

the combination of applied stress and residual stress a reduction 

in stiffness occurs. A similar reduction can be observed in the 

moment-thrust-curvature curves. 

One other feature that may be noted in Figs 5.6 and 5.7 

is that the moment-curvature curves for non-zero axial thrusts do 

not pass through the origin. Thus,for zero curvature there is a 

moment about the geometric centroid of the cross-section. Where 

the initial slope of the average stress-strain curve of the plate 

panel is less than that of the stiffener stress-strain curve, that 

is, when axial load produces loss of stiffness in the plate panel, 

zero curvature will produce some moment (about the geometric centroid) 

even at low axial loads. If the stiffness of the plate panel deviates 

from that of the stiffener at higher strain levels, the non-zero 

moments for no curvature will occur at high axial loads. The 

influence of this feature on column behaviour is discussed in the 

following section. 

5.4 	ONE-SPAN COLUMNS 

For the range of geometric and imperfection parameters 

described in Sections 5.1 and 5.2, column strength curves for single 

span pin-ended plate/stiffener columns have been obtained. All the 

curves are presented in their non-dimensionalised forms and give the 
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maximum strength (am  /a o) for varying column slenderness ratios (A); 

the stress, am, is the mean stress on the plate/stiffener cross-

section at collapse. 

The maximum strength of each plate/stiffener column was 

obtained by following the procedure described in Chapter 3. In the 

analysis of the column, the resultant thrust was assumed to act 

through the 'effective' centroid, that is, the location about which 

the moment on the cross-section was zero for zero curvature condit-

ion. This assumption was made in view of the use of different stress-

strain characteristics for the component elements of the unsymmetrical 

section. 

To illustrate the effects of assuming the geometric and 

'effective' centroids as the positions of line of applied thrust, the 

maximum strength-slenderness curves for two cross-sections, 13 = 0.691, 

a = 0.6 and 13 = 1.383, a = 0.6 are shown, Table 5.4; the values 

correspond to do  = 0.174 132  and aR  = 0.102. It will be seen that for 

= 0.691, the differences in the predicted maximum loads occur for 

low slenderness ratios, that is, A < 0.6 (am/60  > 0.85) when the 

average stress-strain curve of the plate panel deviates from the 

initial elastic slope. For 13 = 1.383 the differences occur over the 

full range of slenderness considered, since the average stress-strain 

curve (Fig. 5.3) exhibits a reduced stiffness even at low strain 

values. Table 5.4 shows that for 13 = 1.383 and the initial deflect-

ion considered, that is, Ao = + 1/750, the maximum strength is about 

5 per cent less for the 'fixed' centroid condition. 
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5.4.1 	Load-Deflection Curves  

Typical load-deflection curves for columns having the 

cross-sections and stress-strain data similar to those used to 

illustrate the moment-thrust-curvature relationships (Figs 5.5 to 

5.7), are shown in Figs 5.8 and 5.10. For 13 = 0.691 (Figs 5.8 and 

5.9) the curves are given for X-values of 0.33, 0.77 and 1.10 

corresponding, respectively, to k/r-ratios of 30, 70 and 100 for 

mild steel. It may be seen that for X = 0.33 the curves for both 

modes of bending (that is, for Ao  = + 1/750 and - 1/750) are linear 

almost up to the peak loads. Beyond these points, the columns con-

tinue to deflect while maintaining the loads at levels close to the 

maximum attained. For X = 0.77 and 1.10, the curves indicate signifi-

cant losses in load-carrying capacities beyond the stages of maximum 

loads. In particular, it will be noted that the unloading branches 

show relatively greater losses in strength for a = 0.2, Fig. 5.8, 

than for a = 1.0, Fig. 5.9. 

Figure 5.10 shows the load-deflection curves for columns 

with A = 0.77 and 13-values of 1.383 and 2.074 (a = 0.6 in both cases). 

For the case when 13 = 1.383 the load-deflection curve corresponding 

to initially stress-free plate panel shows a marked drop in load-

carrying capacity due to the rapid fall in plate panel stress after 

the attainment of peak stress (Fig. 5.3). However, when the plate 

panel is initially stressed, the load-carrying capacity of the column 

is reduced and the load-deflection curve does not exhibit a pronounced 

peak. The curves for = 2.074 show a more gradual reduction in 

stiffness compared with those for S = 1.383. 
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5.4.2 	Maximum Strength-Slenderness Curves  

Maximum strength-slenderness curves for one-span columns 

are given in Figs 5.11 to 5.30. To show the influence of various 

parameters considered, the curves are grouped according to the 

parameter being studied. The effects on strength of varying the 

following parameters are illustrated: 

(i) ratio of stiffener area to plate area, a, for a constant 

value of stiffener depth-to-thickness ratio of 10 and 

0 = 0.691 (Figs 5.11a to 5.11c), 

(ii) initial out-of-plane deflection of the stiffener, A
o 

(Figs 5.12 to 5.23), 

(iii) plate panel slenderness, 0, for the selected levels of 

initial imperfections (Figs 5.24 to 5.26), and 

(iv) plate panel initial imperfections, S
o 

and aR' for the 

selected values of S (Figs 5.27 to 5.30). 

In Group (ii), column curves for a = 0.6 are given only for those 

panels in which S = 0.691. 

Groups (iii) and (iv) cover the full range of 0, a and X values 

with A
o 

assuming the values + 1/750 and - 1/750. 

The following observations relate to the results of one-

span analyses: 

(1) 
	

When = 0.691 and the plate panel is initially stress- 

free, the effect of increasing stiffener area (note that 

d/ts = 10 in all cases) is to reduce the difference in 

strength between the two modes of column failure, that is, 

failure by compression of the plate (Mode I) and compress- 
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ion of the stiffener (Mode II), for the same level of 

initial deflection A0  (Fig. 5.11). It will be seen that 

for A < 1.0, increasing a results in reduced load-carrying 

capacity for Mode I failure;. for Mode II failure, the 

strength increases with a. This behaviour is explained by 

the large difference in moment-carrying capacities for 

Mode I and Mode II bending when a is low (Fig. 5.5). 

(2) Figures 5.11a to 5.11c show that the maximum difference 

between Mode I and Mode II strength occurs in the vicinity 

of A = 0.85. Beyond A = 1.0, the strength in Mode I for 

a = 0.2 falls below that for higher values of a. Referr-

ing to Table 5.2, it will be noted that the ratio hs/r for 

a = 0.2 is high and consequently when the axial thrust is 

low, tensile yielding of the stiffener outstand occurs 

first. For higher values of a, such tensile yielding will 

occur for A > 1.3. 

(3) Increasing the initial bow of the stiffener (Figs 5.12a to 

5.12c and Fig. 5.32) results in a relatively greater reduct-

ion in strength for Mode II bending compared with that for 

Mode I, when a is low and A < 1.0. For higher values of 

these ratios, the difference in imperfection sensitivity 

between the two modes of bending reduces. 

(4) Except when the material stress-strain curve is used to 

describe the behaviour of plate panels, column strength 

values for A < 0.2 are not given. This is because for 

columns which approach squash conditions, it would not be 

appropriate to assume that the behaviour of the plate 
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panels can be described by buckling stress-strain curves 

relating to more slender panels. 

(5) Referring to Figs 5.1 to 5.4 it will be observed that the 

applied average strain at which the peak stress occurs 

varies for the different plate panels and depends on the 

level of initial imperfection. In the presence of residual 

stress, the peak average stress occurs when the applied 

average strain is greater than the yield strain, co. As a 

result of this, it will be seen that the column strength 

curves converge to different limiting capacities as the 

slenderness ratio is reduced (e.g. 5.16a). For Mode I 

bending, that is, when the compressive strain in the plate 

panel is greater than that in the stiffener, the limiting 

strength corresponds to the condition of maximum stress in 

the plate panel and yield stress in the stiffener. For 

Mode II bending (compressive strain in the plate less than 

that in the stiffener), the limiting value occurs when both, 

the plate and stiffener are at yield strain. In this latter 

case, the maximum capacity of the plate panel cannot be 

mobilised since the load-carrying capacity of the column 

becomes limited by compressive yielding of the stiffener 

outstand. 

(6) When the peak of the average stress-strain curve occurs at a 

strain value less than c 
co
, as for f3 = 2.074 with d

o 
= 0.188 

and u
R 

= 0 (Fig. 5.4) the column curves again converge to 

different limits as X is reduced. In this case, however, 

the limit for Mode II bending will be higher than that for 

Mode I. 
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(7) In the columns where the plate slenderness, 	is greater 

than or equal to 1.037, varying the initial imperfection 

of the plate panel has a significant effect on column 

strength particularly when a is low. In the case of 

0 = 0.691, the levels of plate panel initial bows consider-

ed in this study have very little effect on the average stress-

strain behaviour when the panel is initially stress-free; 

thus,in such situations the strength of the column will be 

similar to that obtained by assuming that the plate panel 

follows the bilinear material stress-strain curve. However, 

in the presence of residual stress, the stiffness of the plate 

panel becomes reduced at an earlier stage of loading and thus 

the load-carrying capacity of the column can be reduced. 

Figures 5.27a to 5.27c show that residual stress can reduce 

the strength of columns in the slenderness range 0.5 < X < 0.9 

by about 7 per cent. 

(8) Where the material stress-strain curve is used to describe 

the behaviour of both, plate and stiffener, the column strength 

for Mode I bending will always be higher than that for Mode II 

bending if the stiffener initial bows in the two directions 

are equal in magnitude. However, where the capacity of the 

plate panel is reduced due to buckling, the strength of the 

column in Mode I can be lower than that in Mode II, when the 

proportion of stiffener area is high. Of course,Mode I 

strength can also be lower if the initial bow in this mode is 

of greater magnitude than that in Mode II. This implies that 

when the fabrication tolerances for the initial bows in the 
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two modes are different, as will usually be the case in 

practice (e.g. Design Rules(32)), the possibility of 

failure occurring in either mode must be investigated. 

(9) 	The results of columns which had Mode I initial deflections 

showed that at A < 0.7, collapse occurred soon after the 

mid-depth of the plate panel had reached maximum stress. 

The collapse of columns of similar slenderness but which 

had deflection in Mode II occurred when the loads were about 

1.05 times those which initiated compressive yielding at the 

tips of stiffener outstands. At higher slenderness ratios, 

however, the load-carrying capacities of the columns were 

influenced mostly by the effective stiffnesses of the plate/ 

stiffener combinations; thus, in such columns the maximum 

stresses in the plate panels were less than the peak stresses 

given by the average stress-strain curves, i.e. the columns 

approached the buckling conditions. 

5.5 	TWO-SPAN CONTINUOUS BEAM-COLUMNS 

To study the effects of continuity on the strength of two-

span continuous beam-columns, various modes of initial deflections in 

adjacent spans were considered (Figs 5.31a and 5.31b). In the analysis, 

the plate panels were assumed to be stocky with f3 = 0.691 and both 60  

and aR  equal to zero. The stiffeners considered were of the same 

proportions as those used in the single-span study, that is, d/t
s 
= 10. 

The maximum strength-slenderness curves for beam-columns with a = 0.2 

and 1.0 are shown in Figs 5.31a and 5.31b respectively. The curves 

are given for the slenderness range 0 < A .1 1.3. It should be noted 

here that the slenderness parameter, A, for the two-span beam-column 
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refers to the span between cross-girders. In the analysis, the beam-

columns were assumed to be pinned at the ends and laterally supported 

at the cross-girder positions by springs of large stiffnesses so that 

the deflections of the springs were small. The initial stiffener bow 

in each span was considered to be of sinusoidal form; the initial bows 

(A 
0
) towards the stiffener outstand, and away from it, were considered 

to be +1/750 and -1/750 respectively. 

To show the influence of continuity of spans in the beam-

columns, maximum strength-slenderness curves for single-span columns 

with A
o-values of + 1/750 and - 1/750 are included in Figs 5.31a and 

5.31b (Curves 1 and 2). Curves 3 relate to the situation when initial 

deflections are in the preferred buckling mode. In this case, failure 

of the beam-column is caused by compressive yielding in the stiffener 

outstand, in the span where deflections are towards the plate. 

However, due to the continuity of the unsymmetrical section, the beam-

column strength is higher than the single-span strength (Curves 2). 

In general, the maximum load-carrying capacity of a beam-

column with a slenderness value A in the range investigated will be 

reached when one of the following effects occurs in one or both of 

the span regions, depending upon the extent to which the initial 

stiffener bow in one span influences the column behaviour in the 

adjacent span: 

(a) failure of the plate panel in compression 

(b) compressive yielding in the stiffener outstand 

(c) tensile yielding in the stiffener outstand. 

Where the initial deflections in adjacent spans are such 

that the stiffener outstand at the cross-girder position is subjected 



137. 

to greater compression than the plate, as in Curves 4 and 5, local-

ised compressive yielding of the outstand will occur at this locat-

ion. However, such yielding will not mark the limit of load-carrying 

capacity of the beam-column; with increasing load plastic deformat-

ions of the stiffener at the cross-girder location will increase and 

collapse of the beam-column will result only after failure of the 

plate or stiffener outstand occurs in one of the spans. 

Of course, it is also possible to have localised compress-

ive yielding of the plate at the cross-girder location when the 

initial deflections in the two adjacent spans are directed towards 

the plate and are of similar magnitudes. This mode of initial deflect-

ions was not considered in the present study. 

Referring to Curves 4 in Figs 5.31a and 5.31b, it may be 

seen that at low slenderness ratios, the strength of the two-span 

beam-column is similar to that of the one-span column in which failure 

occurs in Mode I (Curves 1); this is because the limiting capacity of 

the beam-column is reached by failure of the plate in compression in 

the span where the initial deflection, Ao, is + 1/750. However, for 

higher values of the slenderness, A, the strength is governed by com-

pressive yielding in the stiffener outstands in the adjacent span. 

Hence where Mode II one-span column strength is significantly lower 

than Mode I strength, as in the case of a = 0.2, the reduction in 

load-carrying capacity of the continuous beam-column is greater. 

The effects of continuity on strength are greatest when 

adjacent spans have equal initial deflections, Curves 5, These 

curves show that in a slender beam-column (A > 1.2 when a = 0.2, and 

for A > 1.1 when a = 1.0) continuity of spans reduces the 'effective 

length' to the extent that 
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the failure stress is higher than the Euler stress for a single-

span column. It should be noted, however, that under such condit-

ions the strength of the continuous column is very sensitive to 

any variations in the initial bow (Fig. 5.32), that is, it is a 

highly unstable situation which could not be relied upon in design. 

Figure 5.32 shows the strength of the two-span beam-column for vary-

ing levels of initial deflections in one span (A02) when the initial 

deflection in the adjacent span is held constant (A = + 1/750). 

It may be seen that when a = 1.0, the strength curve for X = 1.10 has 

a cusp with a peak at A_A02 = +1/750. When a = 0.2 and A = 1.10 01 =  

the behaviour of the beam-column for similar initial deflections in 

the two spans is influenced by tensile yielding in the outstands of 

longitudinal stiffeners; hence there is no distinctive cusp in the 

strength curve for this case. 

5.5.1 	Effective Stiffener Initial Deflections - Comparisons  

Based on Design Rules Formula  

In the Design Rules(32)  initial nitial out-of-plane deflections 

in adjacent compression panels are accounted for by using the concept 

of 'effective initial deflections'. Empirical formulae for calculat-

ing these effective deflections in internal and end spans of a multi-

span stiffened panel are given. For a two-span beam-column the 

effective deflections may be obtained by using the formula relating 

to an end span: 

3 ' 1 ' 
IA 	= 01 eff 	4 X01 	4 A02 .... 5.3 

Results obtained by using the above formula are compared in 

Figs 5.33a to 5.33c with those derived from the two-span analysis; 
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the latter values were obtained from strength-initial deflection 

curves for two-span beam-columns in conjunction with similar curves 

for one-span pin-ended columns (Fig. 5.32). The comparisons given 

in Figs 5.33 are for three selected values of slenderness ratio: 

A = 0.33, 0.77 and 1.10; in each case fi = 0.691 with (5
0  and aR equal 

to zero. 	It can be seen that the comparison is satisfactory in only 

one case, viz. A = 0.77 where a = 1.0. It is interesting to note 

that at A = 0.77 the analytically derived effective deflections for 

similar levels of positive initial deflections in the two adjacent 

spans are larger when a = 0.2; reference to Fig. 5.32 will show that 

when the initial deflections, A01 and 102-  , are of the same order of 

magnitude, the strengthening effect of continuity is less when 

a = 0.2 since at this value of a the outstand of the stiffener near 

the cross-girder region undergoes larger plastic deformations due to 

compressive yielding. 

Although the comparison of effective deflections is less 

satisfactory at A = 0.33 (Fig. 5.33a), the differences in predicted 

strength will not be very significant as, at low slenderness ratio, 

the column is less sensitive to initial deflections, Fig. 5.32. For 

the slender beam-column, that is when A = 1.10, the empirical formula 

of the Design Rules is generally unsatisfactory (Fig. 5.33c) when A02  

is positive as the strength in this case is often governed by com-

pressive yielding of the stiffener outstand in the span where the 

initial deflection is of lesser magnitude. 
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5.5.2 	Alternative Values for the Empirical Coefficients in the  

Effective Deflection Formula for an End Span  

The empirical formula (5.3) can be written in a general 

form as: 

1 
IAI, - 	-C. A oleEf 	1 	col 	2 	02 

.... 	5.4 

The coefficients C1  and C2 in the above formula represent 

the slopes of the lines of effective deflections such as those shown 

in Fig. 5.33. Figures 5.34a and 5.34b show that by assuming the 

values C1  = 0.8 and C2 = 0.2, the comparison between the empirically 

based and analytically derived effective deflections for A = 0.33 

and 0.77 is improved for similar levels of initial deflections in 

the adjacent spans. But for small values of A02  that is, in the 

transition zone where the collapse mode changes (from plate failure 

in one span to compressive yielding of the stiffener outstand in the 

other) the formula underestimates the effective deflections; the 

empirical formula of the Design Rules(32) also tends to under-

estimate the deflections in the transition zone but the differences 

are of lesser magnitude. 

Figure 5.34c shows the comparisons for A = 1.10. The 

effective deflections are given for two cases: C = 2/3, C = 1/3 
1 	2 

and C1  = C2 = 1/2. It should be noted that in the latter case, the 

critical effective deflection will always be the one which is 

negative. The analytical effective deflections shown in the figure 

indicate the tendency to approach the effective values obtained for 

C1  = C2 = 1/2. Thus for slender beam-columns, it would seem that 

the coefficients C
1  = C2 = 1/2 could be used provided that a minimum 

effective deflection is also specified so that the effective value 
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does not reduce to zero when the initial deflections in the two spans 

are similar. 

5.6 	THREE-SPAN CONTINUOUS BEAM-COLUMNS 

Maximum strength-slenderness curves for three-span beam-columns 

with various modes of initial deflections are shown in Figs 5.35a and 

5.35b. The proportions of plate panels and stiffeners considered in 

the three-span study were the same as those used in the two-span 

analysis. For comparison, curves for one-span columns (Curves 1 and 

2) are also given in Fig. 5.35. It will be seen that due to contin-

uity the strength of the three-span beam-column for sympathetic 

initial deflections in adjacent spans, that is, deflections equal in 

magnitude but alternating in direction (Curves 3 and 4), is higher 

than the strength of the one-span column in which failure occurs by 

compression of the stiffener outstand (Curves 2). However, when 

A > 0.8 the difference in strength is only marginal. The maximum 

influence occurs when a = 0.2 and the slenderness A is low; this is 

because when a = 0.2, the column strength for Mode I bending is con-

siderably higher than that for Mode II bending and hence the stiffen-

ing effect of continuity is relatively greater than that for a = 1.0. 

Curves 4 show lower strength than Curves 3 since the former curves 

relate to the situation when the outer spans fail in the weaker mode, 

that is, by compression of the stiffener outstands. 

When the outer spans have zero initial deflections (Curves 

6 and 7) the strength of the beam-column is significantly higher than 

that given by Curves 3 and 4. Comparing Curves 4 and 6 it will be 

seen that reducing the negative initial bow of the stiffener to zero 
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in the outer spans, results in a substantial increase in the load-

carrying capacity; the high sensitivity of the beam-column to 

negative initial deflections, particularly for X > 0.4.is well 

illustrated in Fig. 5.36 which shows the maximum strength of the 

beam-column for varying levels of initial deflections in the outer-

spans (Ao2) 
 when the initial deflection in the middle span is held 

constant at A01 = + 1/750. 

It is interesting to note that when the initial deflections 

in all three spans are equal (A
01 

= A 
02 

= + 1/750), Curves 5 in Figs 

5.35a and 5.35b, although the maximum strength values are higher than 

those for one-span columns (Curves 1), they never exceed the Euler 

values as they did in two-span beam-columns (Curves 5, Figs 5.31a and 

5.31b). This important difference in behaviour can be explained by 

considering the nature of symmetry in the two systems. In the two-

span case with deflections of equal magnitude and direction condit-

ions of symmetry dictate that adjacent spans must deflect equally and 

in the same direction thus, in effect, achieving an 'encastrg-type' 

condition over the cross-girders. In contrast, in the three-span 

beam-column, although symmetry still exists the outer spans are 

restrained differently from the middle span and consequently do not 

have to deflect equally or indeed in the same direction. The res-

training effects in the three-span beam-column are therefore less 

than those in the two-span case. 

Curve 5, Fig. 5.35a,which relates to the beam-column with 

a = 0.2 shows a sudden drop in load-carrying capacity at A = 0.97, 

as failure of the beam-column beyond this slenderness value is 

influenced by compressive yielding in the stiffener outstand in the 
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middle span. When A > 0.97 the effects of continuity cause the 

middle span to deflect towards the plate and as the column is weaker 

in this direction, the load sustained by the beam-column is reduced. 

For values of A up to 0.97 the beam-column can sustain deflections 

in the same direction in all three spans; this is aided by localised 

compressive yielding in the stiffener outstands at the cross-girder 

positions. However, as the slenderness ratio is increased, such 

yielding is reduced and the beam-column can then no longer maintain 

deflections in the same direction in all three spans. With a = 1.0, 

Curve 5 (Fig. 5.35b) does not show a sudden drop in strength since 

the difference between Mode I and Mode II strength is not as large as 

that for a = 0.2; also when a = 1.0, yielding of the stiffener out-

stands at the cross-girder regions is not as extensive as in the case 

of a = 0.2. 

5.6.1 	Effective Stiffener Initial Deflections - Comparisons  

Based on the Design Rules Formulae  

As in the two-span beam-column effective initial deflections 

obtained by using the empirical formulae given in the Design Rules, 

are compared (Figs 5.37a to 5.37c) with the values derived analytically 

from Fig. 5.36. For the three-span beam-column, the formula for calcul-

ating the effective deflections in the outer spans is the same as that 

for a two-span beam-column (equation 5.3); the deflection in the 

middle span is calculated from the formula relating to internal spans 

which is as follows: 

A ' 	I 	1  At 	1 t
o(s) 	

1 A l  I 
Llo(s)l eff = 	-o(s-1) 	"o(s) 	-0(s+1) 

.... 	5.5 

where IAo(s)leff is the effective initial deflection of the stiffener 

in the internal span, s. 
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The comparisons of effective initial deflections for the 

three selected values of column slenderness, viz. A = 0.33, 0.77 and 

1.10 (Figs 5.37a to 5.37c) show similar features to those observed 

in Figs 5.33a to 5.33c for two-span beam-columns. However, it is 

interesting to note that whereas in the two-span beam-column the 

maximum strengthening effect of continuity always occurred when 

A01 = A02 = + 1/750, in the three-span beam-column such an effect 

occurs when the initial deflections in the outer spans (A02) are less 

than the initial deflection in the middle span (A
01 
 = + 1/750); Fig. 

5.36 shows that the maximum strength is achieved when A02 
is about 

1 
1/2 A01. 	In general, it will be seen that for positive initial 

deflections, the empirical formula contained in the Design Rules 

overestimates the effects of continuity. 

5.6.2 	Alternative Values for the Empirical Coefficients in the  

Effective Deflection Formula for an Internal Span  

Expressing equation 5.5 in the general form similar to that 

given for an end span (equation 5.4) we have: 

1 	1 
IA
0(s)

I eff = - C4 	6A0(s-1) 
+ C

3 
A
0(s) 	C4 A0(s+1) .... 5.6 

When A = 0.33 or 0.77, the values of the coefficients C3  and C4  that 

give better estimates of the effective initial deflections are 0.6 

and 0.2 respectively. The comparisons between effective deflections 

obtained from the empirical formula using the above values for the 

coefficients and effective deflections derived analytically are shown 

in Figs 5.38a and 5.38b. The deflections shown for the outer spans 

were obtained from equation 5.4 using C1  = 0.8 and C2  = 0.2. 
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As in the two-span beam-column, the coefficients (C3  and 

C 4  ) assumed for X = 0.33 and 0.77 do not give a satisfactory compari-

son when the beam-column is slender (A = 1.10). Figure 5.38c shows 

that at X = 1.10, the differences in the effective deflections are 

reduced if the following values are assumed for the coefficients: 

2 	1 
C

1 	3 $ 
= 	C

2 	3 
= — • 	C 3 = 	C4 - 

It should be noted that the use of the above coefficients 

for A = 1.10 leads to the situation where the critical span is 

always the one with a negative value of effective deflection. Thus, 

for the beam-columns referred to in Fig. 5.38c the above coefficients 

must be considered as the limiting values, since there is a small 

range of A02  where the analytical values of effective deflections 

are positive. 

5.7 	EFFECTIVE STIFFENER INITIAL DEFLECTIONS WHEN AVERAGE 

STRESS-STRAIN CURVES ARE USED TO DESCRIBE PLATE 

BEHAVIOUR 

The effective initial deflections which were discussed in 

the foregoing sections related to beam-columns with stocky plate 

panels (a = 0.691) and it was assumed that the plate panel behaviour 

can be represented by the bilinear elastic-perfectly plastic stress-

strain curve. To investigate how the results would compare when 

the average stress-strain behaviour of the plate was different from 

the bilinear material characteristic, effective initial deflections 

for the stiffened compression panels of Models 2, 4, 8 and 10 were 

evaluated by the Design Rules formulae(32). The collapse strengths 

obtained by the multi-span analyses, and single-span analyses using 
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effective initial deflections, are compared in Table 5.5. Note that 

the strengths shown are those derived for axially loaded panels; the 

influence of eccentricity of loading on the effective values of 

initial deflections has not been investigated. Except in the case of 

Model 8, where the stiffeners were slender (k/r = 114.5), the 

strengths obtained by using effective initial deflections are similar 

to those given by the multi-span analyses. For Model 8, the compari-

son is better when the modified formula, equation 5.4 with C1  = C2  = !, 

is used. 
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CHAPTER 6 

CONCLUSIONS 

6.0 CONCLUSIONS FROM TEST RESULTS 

(1) Initial Stiffener Geometrical Imperfections: 	Measurements 

of initial deflection profiles indicated that the compression flanges 

of the models had both modes of longitudinal stiffener deformations, 

that is, deflection in the direction of stiffener outstand and away 

from it. Only in one model (Model 10) were the stiffener deflections 

clearly in the preferred buckling mode, that is, alternate inward and 

outward deflections in adjacent bays. In the compression flange of 

Model 4, the longitudinal stiffeners exhibited a nearly sympathetic 

deformation mode, while in all other models the stiffeners deflected 

in a more random way over several bays, although stiffeners in any 

one bay generally deflected in the same direction. The deformations 

of stiffeners in the direction of stiffener outstands were generally 

within the tolerances prescribed in the Design Rules
(32); deformat-

ions in the direction of the plate often exceeded the specified 

tolerances. 

(2) Initial Plate Geometrical Imperfections: 	Initial deflect- 

ions of compression flange plate panels were determined in Models 1, 

2, 9 and 10, in which the plate panels were slender (b/t = 49). 

Except at a few locations, the plate panels between stiffeners bowed 

inwards, towards stiffener outstands, with amplitudes well within 

the maximum values allowed in the Design Rules. 
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(3) Effect of Initial Imperfections on Failure Mode: 	The com- 

pression flanges of those models that were subjected to uniform 

bending moments failed in modes generally following the initially 

deflected shapes. In the point load tests, the influence of initial 

deformation patterns on the collapse modes, was not so clear. 

(4) Failure Modes: 	Except in Models 8 and 10, observations from 

the tests indicated that compression flange collapse was preceded by 

failure of the plate either by buckling or yielding rather than 

failure of the outstand. However, in Model 4, as the longitudinal 

stiffeners in the end bay were outwards, that is, away from the out-

stands, it is possible that yielding in the tips of outstands 

initiated the collapse of the compression flange. There is no strain 

data to confirm the behaviour; the remark is based on observations 

from theoretical studies which indicated that the stiffened panel was 

weaker in the end bay. In Models 8 and 10, yield was first observed 

in the stiffener outstands. 

(5) Failure by Stiffener Outstand Yielding: 	By restricting the 

depth-to-thickness ratio (d/ts) of the stiffeners to values of 6 

(Model 8) and 8.8 (Model 10) the possibility of torsional buckling 

of the stiffeners was greatly reduced. In fact, at collapse the 

maximum compressive strains in the stiffeners were several times the 

yield values, while the stiffeners remained almost straight. 

(6) Effects of Residual Stresses on Failure: 	The effect of 

residual stresses on the collapse of compression flange plate panels 

of stocky proportions (Models 4 and 8) was very small. The results 

of Model 4 showed that almost the full squash capacity of the flange 
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plate was realised despite the presence of high residual stresses. 

However, residual stresses did influence the overall behaviour of 

the models by causing earlier departure from linearity in the load-

deflection relationships. The non-linearity occurred approximately 

when the sum of the applied and residual compressive strains in the 

compression flange plate reached the yield strain value. 

(7) Overall Stiffnesses of Models under Service Loads: 	In the 

early stages of loading when the models were generally elastic, the 

stiffnesses of the constant moment girders were estimatedvery satis-

factorily from simple bending theory on the basis of gross section 

properties. For the centrally loaded models the beam theory also 

-predicted satisfactory values for the stiffness when deformations due 

to shear and shear lag were included. To allow for these effects, 

effective widths
(63) 

of flanges were used in the inertia calculations. 

The contributions of shear deformations of the webs were also included 

in the deflection calculations. 

(8) Overall Stresses in Models under Service Loads: 	In the 

elastic range, measured longitudinal stresses in the compression 

flange compared very well with stresses predicted from simple beam 

_theory; the theoretical values were derived using gross section 

properties when the moment on the girder was constant, and on the 

basis of effective flange widths
(63) 

for shear lag when the girder 

was subjected to a moment gradient. 

(9) Stress Concentrations in Box Girders: 	From the strain data 

collected for each model, it was observed that local increases in 

the longitudinal strains occurred at the girder corners wherever 
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transverse stiffeners were situated. These stress concentrations 

were caused by the restriction imposed by the transverse members on 

the Poisson's contraction or expansion. Local curvatures in the 

plane of the flange plates produced edge strains which were of the 

same sign as the primary longitudinal strains in the flange and were 

superimposed upon them. 

(10) Post-buckling Behaviour of Stiffened Flanges: 	Evidence of 

post-buckling reserve in the longitudinally stiffened compression 

flanges was provided by the results of tests on Models 8 and 10. In 

Model 8 where the longitudinal stiffeners were slender (k/r = 114.5), 

the compression flange was able to sustain its critical buckling load, 

in spite of the high level of residual stresses and pronounced initial 

stiffener deflections. The presence of membrane action was confirmed 

by the significant increase in the level of transverse tensile membrane 

strains in the plate at loads approaching the peak values. 

(11) Post-buckling in Flanges in which Failure. is Preceded by 

Stiffener Yielding: 	Strain data collected from the tests on 

Model 10 also indicated the development of significant transverse 

membrane strains. Even though the compression flange in Model 10 

-failed by compressive yielding of the stiffener outstands, its capac-

ity was 10 per cent higher than that of Model 2, where failure was by 

compression of the plate. Furthermore, the stiffeners in Model 10 

were slender (k/r = 75.4) compared with those in Model 2 (k/r = 53.6) 

while the plate panels in the two models were of similar slenderness. 

This indicates that the compression flange in Model 10 had some post-

buckling reserve; it should be noted though that the outer bays of 

the flange In Model 10 had additional longitudinal stiffening and 

thus the centre bay had some additional restraint. 
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(12) Overall Elasto-Plastic Stiffness of Box Models: 	Although in  

Models 8 and 10 failure occurred by compression of the stiffener out-

stands, the unloading branches of the load-deflection curves do not 

exhibit rapid fall-off in load. The capacity of the model to shed 

the load gradually (rather than suddenly as reported in isolated 

stiffened panel tests(50)) can be attributed to the post-buckling 

stiffness of the compression flange. The ability of the flange to 

retain much of its load-carrying capacity may be attributed largely 

to the presence of longitudinal stiffeners of stocky cross-section. 

(13) Effects of Shear Lag on Collapse: 	The results of Models 1 

and 2 showed that even with the presence of shear and shear lag at 

the position of maximum bending moment under point load condition, 

about 6 per cent higher capacity was achieved in Model 1 when the 

moment at the position of maximum curvature was compared with the 

moment achieved in the pure bending test on Model 2. A similar com-

parison for Models 9 and 10 showed that the maximum moment in the 

point load test (Model 9) was 12 per cent higher than the uniform 

moment sustained by Model 10. It may therefore be concluded that 

in these models shear lag had no weakening effect on moment-carrying 

capacity. 

(14) Redistribution of Flange Forces in Boxes Subjected to Shear 

Lag: 	The test on Model 9, in which shear lag was very pro- 

nounced, showed that after the highly loaded edge panels had yielded, 

the panels continued to maintain their resistance until the strength 

of less highly loaded panels was mobilised. The ultimate strength 

of the entire stiffened panel was thus not so much dependent on 
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yielding of the highly loaded panels adjacent to the webs. The re-

distribution of stresses in this case was possible because the 

stiffeners were stocky (d/ts  = 8.8) and consequently, the flange 

plate was able to take fairly high compressive strains of values 

much greater than the yield strain value. It would appear, therefore, 

that in such a situation if it can be assumed that there is no loss 

in panel strength due to any interaction between panels, it would be 

reasonable to assess the ultimate capacity of a stiffened panel by 

aggregating the strength of individual panels. 

To determine the effect of shear lag on the collapse strength 

of the stiffened compression flange of Model 9, another model, Model 

10, of similar geometry and material properties was tested with the 

stiffened flange panels subjected to uniform longitudinal compression. 

It was hoped that the results obtained would provide a basis for com-

parison. However, as the initial deflections in Model 10 were such 

that they favoured failure of the critical centre bay by compression 

of the stiffener outstands, Model 10 does not provide the necessary 

datum for comparison, although it does provide a lower bound to the 

strength in pure bending. Thus, until results of a plate-initiated 

failure in a model similar to Model 10 become available, an accurate 

assessment of the effects of shear lag in Model 9 cannot be made. 

(15) Further Evidence of the Effects of Shear Lag on Collapse: 

The results of Models 1 and 9 showed that the compression flange 

capacity in Model 9 was about 8 per cent higher. This was so despite 

the fact that the flange plate panels in the two models were of 

similar slenderness, and the stiffeners in Model 9 were more slender. 

These results indicate, therefore, that the pronounced 
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shear lag in Model 9 did not have any significant effect on the load-

carrying capacity. However, there are two other factors which must 

also be considered, as they may have influenced the collapse 

behaviour of the flanges. These are:- 

(a) Failure of the compression flange panels in Model 1 

occurred almost simultaneously with failure of the 

slender web panels in shear. Although these failures 

did not occur at the same section it is possible that 

the two collapse modes interacted and influenced the 

strength of the model. 

(b) In Model 9, the initial bows of longitudinal stiffeners 

were considerably smaller than those in Model 1. Also, 

the centre longitudinal stiffener in Model 9 was 

observed to deflect outwards, almost up to the maximum 

load. This may have had some stiffening effect on the 

panel. 

6.1 CONCLUSIONS RELATING TO COMPARISONS BETWEEN TESTS AND THEORY 

(16) Point goaded Models: 	For both, Models 1 and 9, strengths 

of the stiffened compression flange as predicted by the beam-column 

analysis were within 5 per cent of the observed values; in the 

case of Model 1 the theoretical strength was higher, probably 

because the moment-carrying capacity of the girder was reduced due 

to the buckling of the web panels. 

(17) Influence of Shear Lag on Collapse: 	The good correlation 

between the theoretical and experimental stiffened panel strength 
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for Model 9 suggests that shear lag did not have any significant 

effect on the ultimate capacity of the compression flange. 

(18) Pure Bending Tests on Models with Stockily Stiffened Flanges: 

The beam-column analyses of the compression flanges of Models 2 and 

4 (pure bending tests) predicted both, the collapse mode and the 

ultimate stiffened panel strength, very satisfactorily; for both 

models the collapse strengths were conservatively predicted, the 

difference being 6 per cent for Model 2 and 3 per cent for Model 4. 

(19) Pure Bending Tests on Models with Flanges using Slender 

Stiffeners: 	In the case of Models 8 and 10, which were also 

pure bending tests, the beam-column analysis predicted the correct 

collapse modes but the collapse strengths were somewhat lower than 

the observed values, 11 per cent for Model 8 and 15 per cent for 

Model 10. These differences can be attributed to the post-buckling 

reserve in the flanges. In Model 10, the behaviour of the compression 

flange was further influenced by the increased longitudinal stiffening 

in the end bays. 

(20) Comparisons Between Theory and Other Methods: 	The collapse 

strengths of the stiffened flanges were also obtained by IDAR(69) 

and BS153
(1)

. Generally, both the methods gave very conservative 

estimates of the collapse strengths. 

6.2 CONCLUSIONS FROM THEORETICAL PARAMETRIC STUDY 

(21) Range of Parametric Study: 	A parametric study on the ultimate 

load behaviour of plate/stiffener beam-columns has been presented. 

The parameters covered plate panels with slenderness values (f3) of 
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0.691, 1.037, 1.383 and 2.074; these values correspond to b/t-

ratios of 20, 30, 40 and 60 respectively for mild steel. The 

column slenderness ratios (A) were varied between 0 and 1.3 (that 

is, 0 < 2./r < 120 for mild steel). The levels of initial imperfect-

ions chosen for the analyses were related to the values considered 

in the Design Rules
(32) 

The stiffeners considered were those of flat section with 

depth-to-thickness ratios (d/ts) of 10, so that their stress-strain 

behaviour could be assumed to be that of the material. The proport-

ion of stiffener area to plate area (a) was varied; the ratios con-

sidered were a = 0.2, 0.6 and 1.0. 

(22) Comparisons Between Two Modes of Failure for Single-Span Panel: 

The results of plate/stiffener columns with 8 = 0.691 and in which 

the stress-strain behaviour for the plate was assumed to be of bi-

linear elasto-plastic form, showed that for given values of column 

slenderness, A and initial stiffener bow, Ao, the strength of the 

column for Mode II failure (compression of the stiffener outstand) 

was less than that for Mode I failure (compression of the plate). 

The difference in strength was greater for the lower value of a. 

(23) Effect of Plate Buckling on Failure in Single-Span Panels: 

In the columns where the capacities of the plate panels were reduced 

due to buckling - which was allowed for by using an average stress-

strain curve as derived from Frieze's elasto-plastic large-deflect-

ion analysis(21), instead of the material stress-strain curve - the 

column strength for Mode I failure was not necessarily higher than 

that for Mode II; the limiting strength depended on both, a and the 
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level of the initial stiffener bow, A0. Thus, in practice, where 

the fabrication tolerances for the initial bows in the two modes 

may be different (as in the Design Rules(32)), the possibility of 

failure occurring in either mode must be investigated. 

(24) Failure by Tensile Yielding of the Stiffener Outstand: 

Failure of the column can also be caused by tensile yielding in the 

stiffener outstand occurring first; such yielding will occur when 

the slenderness value A is high (approximately greater than 1.0), 

and the distance of the extreme fibre of the stiffener, from the 

centroid, is considerably greater than that of the plate. 

(25) Effect of Residual Stresses on Single Panel Strength: 	In 

the presence of residual stress, the average stress-strain curve of 

the plate panel showed a reduction in stiffness once yielding had 

occurred due to the combination of applied stress and residual 

stress; thus at (3 = 0.691, the load-carrying capacities of columns 

were affected most in the medium slenderness range (0.5 < A < 0.9), 

the maximum reduction being about 7 per cent. When the plate panels 

were slender, the initial stresses also had a detrimental effect on 

plate strength, and hence on column strength. 

(26) Failure Criteria for Two. Modes in Single Panels: 	The 

analyses of columns with initial bows in the direction of the 

stiffener outstand (Mode I) indicated that for A < 0.7, collapse of 

the columns occurred soon after the plate panels had reached their 

maximum stresses (as given by the average stress-strain curves); 

when failure was by compression of the stiffener (Mode II), the 

maximum load reached was approximately 1.05 times the load which 

initiated yielding in the tip of the stiffener. 
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(27) Effect of Continuity on Strength in Multi-Span Panels: 	The 

results of multi-span analyses showed that the effects of continuity 

on the maximum load-carrying capacity are not necessarily strengthen-

ing due to the difference in behaviour between Mode I and Mode II 

collapse. In a two-span beam-column, the strengthening effect of 

continuity was greatest when the initial bows in the two spans were 

equal. However, in a three-span beam-column the maximum strength 

did not occur when initial deflections in all the spans were equal, 

as the restraining effects in the middle span were not similar to 

those in the outer spans; from the cases analysed in this study it 

was noted that the maximum strength occurred when the initial bow in 

the middle span was approximately half that in the outer spans. 

(28) Use of 'Effective Imperfections' to Relate Multi-Span to 

Single-Span Failure: 	From the maximum strengths obtained for 

single-span and multi-span beam-columns, effective initial stiffener 

deflections (that is, initial deflections which in single-span column 

analyses would give the same strength as the multi-span analyses), 

were derived. The effective deflections so obtained were then com-

pared with the values given by the Design Rules formulae(32). The 

results indicated that for columns of medium slenderness (0.5 < A < 

0.9) the Design Rules would give satisfactory values for the effect-

ive initial deflections. However, for more slender columns or, for 

stocky columns with similar initial deflections in the adjacent 

spans, the effective values given by the Rules will be less satis-

factory. In such cases, alternative values for the empirical 

coefficients assumed in the Design Rules formulae are suggested. 
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(29) 'Effective Imperfections' in Multi-Span Panels with Plates 

using Average Stress-Strain Curves: 	In the parametric 

study, the beam-columns considered for the purpose of comparing 

analytically derived effective initial deflections with empirically 

based values, were those in which the behaviour of the plate panels 

was described by the bilinear material stress-strain curve. A few 

beam-columns in which plate panel behaviour was described by average 

stress-strain curves, were also analysed; the data used in the 

analysis was that relating to the compression flanges of the box 

girder models. The effective initial deflections derived for these 

cases also compared well with the values given by the empirical 

formulae. 

(30) The thesis has presented the results of several tests on box 

girder models, fabricated on a realistic scale, in which the attent-

ion has been focussed on the ultimate strength of the stiffened com-

pression flange. An inelastic column analysis approach has been 

presented which predicts satisfactorily the behaviour of the tests 

and which has been used to study in detail the parameters controll-

ing the behaviour of compression flanges. Both the theoretical and 

experimental data presented should provide a sound basis against 

which any design rules can be confidently calibrated. 

6.3 SUGGESTIONS FOR FUTURE WORK 

During the course of the research work described in this thesis 

some test programmes on the ultimate load behaviour of stiffened com-

pression panels were initiated, the results of which have recently 

become available. It would be useful to compare these experimental 
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results with the theoretical values given by the present analysis. 

Such an exercise would help provide a basis for formulating simplified 

design rules from the theoretical data. 

With regard to the analytical work, there are certain other 

aspects on which more information is needed. The stiffened compress-

ion panels analysed in the present study were those which would be 

classified as lightly welded panels; the study could, therefore, be 

extended to cover other levels of residual stresses which are likely 

to be encountered in practice. 

Information is also needed on the behaviour of stiffened panels 

with longitudinal stiffeners other than those of the flat type; the 

.computer program written for the present analysis can be used to 

analyse a column of any cross-section in which biaxial or torsional 

effects can be ignored. 

For multi-span stiffened panels, the effects of eccentricity of 

loading (due to overall bending) on continuity also need investigat-

ion, so that effective imperfections under such loading condition 

can be established. The study, as described in this thesis, on the 

derivation of effective stiffener initial deflections was concerned 

mainly with compression panels whose stres-strain behaviour was des-

cribed by the material stress-strain characteristic. More work is 

needed to check the applicability of the Design Rules empirical 

formulae in situations where the plate panels are slender and 

buckling of the plate is accounted for by the use of an average 

stress-strain curve, instead of the material characteristic. 
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Finally, the work on the grillage approach could be continued 

to examine in a systematic way, the forces on the transverse beams, 

the influence of flexibility of the beams on overall behaviour and 

the effects of lateral loading on the total load-carrying capacity 

of the grillage. 
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NOTATION 

a 	Plate length in the longitudinal direction 

Width of plate panel 

B 
	

Span of cross-girder 

C1, C2 	Empirical coefficients in formula for evaluating effective 

stiffener initial deflection 

d Depth of stiffener outstand 

e 	Eccentricity of applied thrust on plate/stiffener column 

E Modulus of Elasticity 

Er 	Error function showing difference between yr 
and Yr 

E. 	Error function showing difference between A. and w.. 
ij 

st 	
Flexibility influence coefficients for transversals in 

grillage 

F
s 
	Spring reaction at supports 

F.. 	Force in grillage at the intersection of ith longitudinal 

with jth transversal 

h Distance of a cross-section element from reference axis 

a-a (along outer surface of plate) 

hc' hf 	
Distance of extreme fibre of flange plate from centroid 

of plate/stiffener combination 

hn 	Distance of neutral axis of plate/stiffener combination 

from reference axis a-a (along outer surface of plate) 

hs 
	Distance of extreme fibre of stiffener from centroid of 

plate/stiffener combination 

H Distance between centroidal axis of plate/stiffener com-

bination and neutral axis of box girder 

IT 	
Moment of intertia of cross-girder and assumed effective 

width of flange plate, about the centroidal axis (of 

combination) parallel to the plate 
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P
m 
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K
s 	

Spring constant at support s 

Spacing of cross-girders 

L Length of multi-span beam-column (= Ek) 

M 	Bending moment 

ME 	M due to external loads 

MI 	Moment due to internal forces 

(ME)r 	Total external moment at node r 

(14I)r 	Moment due to internal forces at node r 

(Yr 	Bending moment, at node r, due to lateral forces 

n 	Total number of segments along length of column 

N Number of panels in multi-span beam-column 

N
L 	Number of longitudinals (or beam-columns) in grillage 

N
T 	Number of transversals in grillage 

P Axial force in plate/stiffener column, or applied load 

on model as defined in figures relating to Chapter 2 

Axial force on ith longitudinal 

Force in plate/stiffener column at collapse 

Force in plate/stiffener column at collapse, at mid-

span of compression flange (for point load tests) 

Force in plate/stiffener column at collapse, in middle 

bay of compression flange at cross-girder position 

(for point load tests) 

( Pmheory Collapse value of force in plate/stiffener column of 
l  

compression flange, as predicted by present theory 

(I)m)test 
Collapse value of force in plate/stiffener column of 

compression flange, as derived from test results 

P 
	

Squash load of plate/stiffener column 

r 
	

Radius of gyration of plate/stiffener cross-section 

with respect to centroidal axis parallel to plate, or 

Node (or station) along length of column 
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R RB 	
Support reactions at ends A and B of beam-column 

Si 	Slope of end thrust versus end-shortening curve for 

ith longitudinal 

t 	Thickness of plate 

t
s 	

Thickness of stiffener outstand 

wr 	
Computed value of Wr 

 

Wr 	
Component of function Yr, relating to internal 

moment (A
I
)
r 

x
r 	

Distance of node r from end of column 

Deflection of column at node r 
Yr 

Yor Initial deflection of column at node r 

Yr 	
Function representing computed deflection at node r 

zs, zt 	Distances, from one end of transversal, of intersection 

locations s and t in grillage 

a 	Ratio of stiffener area to plate area in plate/stiffener 

cross-section 

Plate non-dimensionalised slenderness ratio (= b/t 1457-7E) 
0 

Shear strain 

Yy 	Shear yield strain 

(SA 	Area of cross-section element 

SD 	Amplitude of doubly-sinusoidal initial deformation in 

plate panel 
1 

(50 	
= d

0
/t 

(SP 	Force in a cross-section element 

(Sx 	Distance between nodes along length of column 

6Yr 	
Error correction for the assumed deflection y

r 

A,S 	Deflections as defined on figures relating to Chapter 2 

A 	Amplitude of sinusoidal initial stiffener bow 

A
0 	= A0/9. 
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A
s 

	Deflection of spring at support s 

A 
y 
	Incremental deflection used to obtain rate of change of 

computed deflections with respect to assumed deflections 

A 
01 

, A 	Amplitudes of initial stiffener bows in spans 1 and 2 
02 

respectively 

A01, 
 A

02 
= A 

01 
/2,,  A

02 
 /2, 

A
o(s) 	

Amplitude of initial stiffener bow in span s 

A0(s) 
	= A

0(s)
/2, 

Effective value of stiffener initial bow (A
o 
replaced by 

lAo leff 

A
01
, A

02
, or A0  (s)for spans 1, 2 or s respectively) 

lAo l eff 	= IA
0

I
eff

/9, 	(A
o 
replaced by A 

01 , A02 
 or 

 Ao(s) 
for spans 

1, 2, or s respectively) 

AL 	End-shortening of beam-column (or longitudinal) 

AL° 	End displacement in grillage 

AL. 	End-shortening of ith longitudinal 
1 

Ap 	Load increment for plate/stiffener column 

AP. 	End thrust correction for grillage (constant end displace- 

1 3 

ment case) 

A.. 
	

Deflection of ith longitudinal of grillage, at intersect- 

ion with jth transversal 

Longitudinal strain 

a 

	Strain in extreme fibre of plate (at reference axis a-a) 

c 

	Longitudinal strain at centroid of plate/stiffener combin- 

ation 

o y 

R 

ET 

n, ns 

e
c 

Yield strain (E on figures relating to Chapter 2) 

Residual strain 

Total strain in a cross-section element (i.e. including E
R
) 

Width of residual stress tension block as proportion of 

plate thickness (defined in Fig. 3.1); s denotes stiffener 

Rotation of tangent to the initial deflection curve of 

beam-column, at the location of a cusp 
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Q 	1 
Column non-dimensionalised slenderness ratio (= r — •— /577T) 

	

 TT 	0 

Accuracy for adjusting end-shortening in grillage with con-

stant end displacement 

EP 	Accuracy of ultimate load for plate/stiffener column 

EY 	Accuracy of column deflections 

a 	Longitudinal stress 

a 	Euler stress for plate/stiffener column 
cr 

am 	Mean stress on the plate/stiffener column at collapse 

an 	Nominal mid-plane compression flange plate stress in model 

calculated using gross section properties and simple beam 

theory (at mid-span for point load tests) 

ao 
	Yield stress 

- aR 	Average compressive residual stress in the plate 

aR 	= aR/u0 

aRF 	Additional residual stress in the flange plate (as defined 

in Fig. 3.1); a 	= a /a 
RF RF o 

aRS 	Residual stress in the tip of stiffener outstand; aRs  = aRs/a0  

Curvature 

(I)r 	Curvature at node r, due to applied loading 

for 	
Initial curvature at node r 

Xr 	Component of function Yr, relating to moment due to lateral 

forces, (R.
L
) 
r 

Effective width ratio for shear lag 

W 
Si 
	 Deflection of jth transversal of grillage at intersection 

with longitudinal at location s 

X 

EL 
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Model 
No. 

Cross section of model 
Dimensions, in. 

Component sizes and material properties 

Component Nominal size, in t; in ton01lsqon tont Eq.tn 

1 C F 

T F 

W 

L S 

TS 

D 

3/16 

3/16 
1/8 

2x 5/6 x 3/16 L 

3x 2 	x 1/4 	L 
1/4 

0.195 

0.195 

0.133 

- 

- 

- 

16.0 

16.0 

17. 7 

21.3 

20.3 

16.5 

13000 

13000 

13900 

13000 

12600 

12900 

L 	L 	J 	.1 
J 	CF 	L 

L  

TF r 	r 	-I 	1 

--1' 4_ 
	

1= 31 
41 	N = 6 

IL 

j,---48 

2 C F 

T F 

W 

L S 

TS 

3/16 

3/16 
1/8 

2 x 516x 3/16 L 

3x 	2 x 1/4 	L 

r 	r 

	

1 	1 

0-192 

0.192 

0.133 

- 

- 

19- 3 

19.3 

13.7 

17-9 

20.1 

13500 

13500 

14000 

12400 

12700 

	

J 	J , 	i.. 
CF 	L 

J 	 L 

TF 

- .I.-  4_ 
1( 	1= 	31 

_I._ 
1 	N = 5 

:8,_ 
1.- --48 

4 C F 

T F 

W 
LSccF)1_5(w) 

1.5(TF) 

TS 

3/16 

3/16 

3/16 
2 x 5/8 x 3/16 L 

2X 114 Flat 

4x 21/2 x 1/4 	L 

0.19B 

0.195 

0.196 

- 
- 

- 

14.3 

14.0 

18.2 

16. 6 

19.7 

19.7 

13400 

13500 

13900 

12900 

12900 

13400 

ll..1.1. 
C
11JJJ 

+ 	F 	r 
r 

1 	 r 
r 

TF 

	

IIIii 	iitl 

-t 
18 

	

L 	l = 	31 

	

7 	N= 5 
$6 

4 46 

8 C F 

T F 

W 

LS 

TS 

3/16 

3/16 
1/8 

1 1/2  x 114 Flat 

3 x 1/4 Flat 

0.186 

0.184 

0.125 

- 

- 

17.9 

23.7 

16.3 

20.2 

19-0 

13 500 

13500 

14000 

13600 

13 500 

_ 	CF 	- - 
- 	 ---t- 

.... . V 

t 	1 = 52 18  

N = 3 

1 8, 
4,------48 --1-. 

9 
i 	= 6 
N : 32 C F 

T F 

W 

LS 

TS 

3/16 
1/4 

1/2 

2 3/4x 5/16 Flat  

5x 3 	x 3/8 L 

0.192 

0.268 

0.500 

0.312 

- 

21.6 

20.4 

18.0 

18.5 

18.7 

13300 

13900 

13500 

13300 

13200 

1 	I 	1 	1 	1 	1 	1 	1 	1 
CF 

TF 

36 

id 
96 1 

10 
i 	. 6 
N r. 32 CF 

T F 

W 

L S 

TS 

1 	I 	1 	1 	1 
 3/16 

1/4 

1/2 

2 3/4x 5/16 Flat 

5 x 3 x 3/8 L 

0.194 

0. 242 

0.500 

0.312 

- 

21.7 

22.0 

18.0 

18.5 

18.7 

13400 

13700 

13500 

13300 

13200 

CF 	
1 	1 	1 	1 

C 

TF 

T 

36 

I 
1 	- 	-- 96 

TF Tension flange 	C F Compression flange 
W Web 	 L S Longitudinal stiffener 
D Diaphragm 	T S Transverse stiffener 
1 Spacing of cross- girders 

Table 2.1 

LS (CF 
LS(TF 

LS(w) 
N 

to  

Longitudinal stiffener on compression flange 
Longitudinal stiffener on tension flange 
Longitudinal stiffener on web 
Number of bays along span of model. 
Measured thickness 

Principal Dimensions of Models and Properties of Materials 



Model Type of Test Critical 	Components b/t or b/tw4.  Z/rt  a d/ts hf/r h
s
/r 

1 Point Load 

• 

(a) Largest web panels 

(b) Compression flange 
plate panels 

135.3 

48.8 53.8 0.25 - 0.60 3.21 

2 Pure bending Compression flange 
plate panels 

49.6 53.6 0.25 - 0.60 3.19 

4 Pure bending CompressioR flange 
stiffeners 

24.0 44.7 0.49 - 0.74 2.43 

8 Pure bending CompressioR flange 
stiffeners 

25.6 114.5 0.42 6 0.76 2.96 

9 Point load Compression flange 
plate panels and 
stiffeners 

49.3 75.4 0.47 8.8 0.69 2.89 

10 Pure bending Compression flange 
plate panels and 
stiffeners*  

48.8 75.6 0.47 8.8 0.69 2.90 

*  
Stiffener considered as the flange plate and longitudinal stiffener acting together. 

fi Slenderness ratio for plate/stiffener column with the flange plate considered to be fully 
effective. 
+
tw - thickness of web plate. 

Table 2.2 Critical Components of the Models and Relevant Parameters 



Model Panel 
Average 	Stiffener 
Initial Deflection 

in Panel 

Maximum 	Stiffener 
Initial Deflection 

in Model 

Maximum Plate 
Panel Initial 
Deflection 
in Model 

Average Longitudinal 
Residual 	Strain*  

pstrain 

Average Transverse 
Residual 	Strain* 

pstrain 

Fabrication Tolerances 
(Design Rules) 

Plate 	Panel 
Initial Deflection 

Stiffener 
Initial Deflection 

1 
D-I' + 9.43100 + 2/1550 b/380 

-150 -415 b/70 
I'-0 - 247150 - 211630 

A-C - £/2000 

C-I - 245280 + 242280 + Z/900 

2 I-0 - 2/3200 b/330 -250 - b/70 (Towards Stiffener 

0-U - 2/9250 - 2/1450 Outstand) 

U-W - 2/1680 

A-C - 2/1050 - 2/1200 
C-I + 211950 + 1/690 (Away from 

4 I-0 + 242280 n.m. -600 - - Stiffener 
O-U + 2/4920 - 24510 Outstand) 
U-W - 24660 

A-E + 2/1770 + 2/930 

8 E-I + £/1500 n.m. -460 -15 - 

I-M - 24950 - £1610 

A-E + 2/15900 + 2/2700 b/360 -275 +25 b/75 
9 E-Q - 2/7560 - 2/1475 

Q-U + 2/23850 
A 

A-E + 2/4950 + 2/925 

10 E-Q - 2/1480 - 1/1000 b/315 -255 b/75 
 

+45 

Q-U + 2/2760 

*Residual strain in plate panels (negative sign indicates compression) 

n.m. not measured. 

b a  spacing of longitudinal stiffeners. 

I 	spacing of cross-girders. 

Table 2.3 Initial Imperfections in the Compression Flanges of the Models 
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x 

I 

A0  = + 1/400 
I 

A0  = - 1/600 

* P 
(e) 

0 

p 	t 

(po)  

P 
m
* 

Prat 

* P 
v.) 

0 

p 	t 

(pm)) (pm)  
o 

P m
t P m  

0.33 

0.65 

0.98 

1.10 

0.962 

0.910 

0.742 

0.439 

0.972 

0.914 

0.746 

0.441 

0.99 

0.99 

0.99 

0.99 

0.877 

0.743 

0.552 

0.388 

0.903 

0.755 

0.561 

0.392 

0.97 

0.98 

0.98 

0.99 

*  
Maximum strength as obtained by Virdi(47)  

tMaximum strength from present analysis. 

Note:- The maximum strength values given were obtained 
using the following data: 

= 2.468 (stress-strain curves assumed to 
be bilinear for both, the plate and 
stiffener) 

a = 0.3 

d/t = 8 

R 
= 0 

a 	= 340 N/mm2  

E 	= 200700 N/mm2  

Table 3.1 Comparison Between Maximum Strength Values 
Given by Virdi(47) and those Obtained from 
Present Analysis 
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Model Case 
Single—Span Analysis Test 

 P miP  o 

(13 m)theory 
Ao' in e, in Pm/Po I (m)test 

1 
(First 
Test) 

a 
b 

+k/3100 
+2/3100 

0 
0.019 

0.729 
0.712 0.652 

1.12 
1.09 

1 
(Second 
Test) 

c 
d 

+241000t  
+k/1000t  

0 
0.019 

0.712 
0.698 

0.652 1.09 
1.07 

1 

(Test) 
Final 

e 
f 

+k/470*  
+24470*  

0 
0.019 

0.674 
0.654 

0.632 1.07 
1.04 

Stiffener  Initial Deflections for Second Test 

*Stiffener Initial Deflections for Final Test 

Table 4.1 	Model 1. Experimental and Theoretical Strengths 
for the Compression Flange 



Model Case 
Single-Span Analysis Multi-Span Analysis Test 

Pm/Po  

(Pm)theory 

Ao, in e, in Pm/Po   e, in Pm  /Po  (Pm)test 

a + 2/22801  0 0.733 - - 0.690 1.06 

b + 2/2280t  0.019 0.707 - - 1.02 
2 

c - Z/16801  0 0.732 - - 1.06 
Test 2A 

d - 2/1680t  0.019 0.740 - - 1.07 
(5 Bays) 

e - - - 0 0.744 1.08 

f - - - 0.019 0.741 1.07 

g + 2/580 0 0.662 - - 0.690 0.96 

h + 2/580 0.019 0.647 - - 0.94 
2 i - 2/1430 	- 0 0.661 - - 0.96 

Test 2B j - 2/1430 0.019 0.701 - - 1.01 
(3 Bays) k - - - 0 0.659 0.96 

1 - - - 0.019 0.646 0.94 

tMaximum value of stiffener initial deflection 

Stiffener initial deflections for Test 2B:- 	Panel C-I : Ao = - 2/8000 in 

I-0 : A = - 241430 in 

0-U : A
o = + 2/580 in 

Table 4.1b Model 2. Experimental and Theoretical Strengths for the Compression Flange 



Model Case 
Single-Span Analysis Multi-Span Analysis 

- 
Test 

Pm/Po 
 

(Pm)theory 

A
o' 

in e, in Pm/Po   e, 	in Pm/Po  
 

(1)m)test 

a + 241950 0 0.964 - - 0.856 1.13 

b + £11950 0.028 0.946 - - 1.11 

4 
c - £1660 0 0.780 - - 0.91 

d - 2/660 0.028 0.832 - - 0.97 

e - - - 0 0.808 0.94 

f - - - 0.028 0.828 0.97 

a + 241500 0 0.471 - - 0.541 0.87 

b + 241500 0.012 0.455 - - 0.84 

8 
c - 24950 0 0.426 - - 0.79 

d - 24950 0.012 0.447 - - 0.83 

e - - - 0 0.470 0.87 

f - - - 0.012 0.482 0.89 

Table 4.1c Models 4 and 8. Experimental and Theoretical Strengths 
for the Compression Flanges 
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Model Case 

Single-Span Analysis 
(Span E-Q) 

Multi-Span Analysis Test 
P 	P m/  o 

(13 	) mtheory 

e, in Pm/P0  e, in Pm/Po  (Pm)test 

a 0 0.720 - - 0.740+  0.97 

b 0.038 0.663 - - 0.90 

9 
a 0 0.720 - - 0.689 1.04 

b 0.038 0.663 - - 0.96 

a 0 0.638 - - 0.763 0.84 

b 0.039 0.672 - - 0.88 
10 c 0 0.680 0.89 

d 0.039 0.651 0.85 

A -values after initial tests:- 

Model 9, 
Model 10, 

Panel E-Q: 
Panel A-E: 

E-Q: 
Q-U:  

+k/6900 in 
-04990 in 
'4/420 in 
+94960 in 

+
Value obtained from simple bending theory with webs assumed to be elastic 

Value obtained by considering the webs to be partially plastic at mid-
span (see test, Section 4.3.5) 

Table 4.1d Models 9 and 10. Experimental and 
Theoretical Strengths for the Com- 
pression Flanges. 
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Model 
Pm/Po 

BS153
(1)  

IDAR
(69) Present 

Theory Test 

1 	(First Test) 
1 (Final Test) 

0.578 0.632 0.712 
0.654 

0.652 
0.632 

2 (Test 2A) 
2 (Test 2B) 

0.625 0.752 0.741 
0.646 

0.690 
0.690 

4 0.784 0.559 0.828 0.856 

8 0.408 0.403 0.482 0.541 

9 0.542 0.514
* 
 0.663 0.689 

10 0.502 0.547
* 
 0.651 0.763 

*Values given by the Design Rules(32). 

Table 4.2 Comparisons of Compression Flange Strengths 
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I 

aR = 0 
1 

UR = 0.102 

0 
(b/t) 

1 
Out-of-plane Deformations, (5 0 

0.04452  0.17482  0.34902  0.17452  

0.691 0 0.021 0.083 0.083 
(20) 

1.037 - 0.047 0.188 - 0.188 
(30) 

1.383 - 0.083 0.333 - 0.333 
(40) 

2.074 - 0.188 0.750 1.500 0.750 
(60) 

Notes: The b/t-ratios given in brackets are for mild steel 
aR is non-dimensionalised using a0  = 245 N/mm2. 

Table 5.1 	Initial Imperfections of Plate Panels 
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0 
(b/t) 

a = 0.2 a = 0.6 a = 1.0 

hf/r h /r 
s 

h
f
/r hs/r hf

/r hs/r 

0.691 0.704 3.940 0.786 2.640 0.899 2.278 
(20) 

1.037 0.651 3.985 0.758 2.654 0.877 2.287 
(30) 

1.383 0.619 4.011 0.741 2.662 0.864 2.292 
(40) 

2.074 0.578 4.041 0.721 2.671 0.848 2.298 
(60) 

Notes: The b/t-ratios given in brackets are for mild steel. 
The longitudinal stiffeners considered are flats 
with d/ts ratios of 10. 

Table 5.2 Extreme Fibre Distances (as ratios of radii of 
gyration) of Plate-Stiffener Columns 



A 

a
m
/a
o 

, 
A
o 

= + 1/750 
I 

A
o 
= - 1/750 

, 

a
R 

= 0.102 

n
s 
= 0 

I 

a
R 

= 0.102 

Is 	Method 
a "A' 
RS 

I 

a
R 

= 

IS, 
 
, 

RS 
a 	' 
RF 

0.102 

Method 
'B' 

1 

a
R 

= 0.102 

n
s 
= 0 

1 

a
R 

= 

ns 
1 

RS 

0.102 

Method 
'A' 

1 

a
R 

ns 
a 	, 
RS 

aR' 
' 

= 0.102 

Method 
'B' 

0.33 

0.77 

1.10 

0.700 

0.657 

0.527 

0.698 

0.655 

0.527 

0.671 

0.621 

0.506 

0.625 

0.538 

0.414 

0.627 

0.548 

0.423 

0.573 

0.487 

0.384 

Notes: The above strength values relate to (3 = 2.074, 60  = 0.750 and a = 0.2. 

Method 'A' - A separately self-equilibrating residual stress pattern for the 
stiffener outstand (Fig. 3.1b): ns  = 0.22, a= 0.041 (tensile). 

Method 'B' - Residual stress pattern in which flange plate area is included for 
establishing equilibrium (Fig. 3.1c): ns  = 2.5, QRS  = 0.105, 	= 0.038. 

Table 5.3 Effect of Stiffener Residual Stresses on Column Strength 
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am/a0 

1 	1 

x 
60  = 0.174p,2  ; 	aR = 0.102 

1 = 0.691 13 = 1.383 

'Fixed' 'Effective' 'Fixed' 'Effective' 
Centroid Centroid Centroid Centroid 

0.22 0.978 0.983 0.809 0.856 

0.33 0.958 0.969 0.794 0.844 

0.44 0.931 0.951 0.774 0.817 

0.66 0.854 0.854 0.719 0.752 

0.77 0.811 0.811 0.685 0.721 

0.99 0.705 0.705 0.599 0.636 

1.10 0.635 0.635 0.549 0.580 

Notes: (i) 	The strength values shown are for one-span 
columns with a = 0.6 and A' = + 1/750. 

(ii) 'Fixed' centroid cases refers to the condit-
ion when the line of resultant thrust passes 
through the geometric centroid of the cross-
section. 

Table 5.4 Effect on Column Strength of Varying the 
Position of Line of Resultant Thrust 



Model Panel A
0, 
 in 

Pm/Po 
Single-Span 
Analysis 

IA0I eff' 	
in 

Pm/Po  

Single-Span 
Analysis 

Pm
/Po 

Multi-Span 
Analysis 

2 U-W - k/1680 0.732 - 2,/2385 0.746 0.744 

Test 2A 0-U - Z/9250 0.756 + k/5785 0.743 

2 0-U + k/580 0.662 + k/680 0.668 0.659 

Test 2B I-0 - Z/1430 0.661 - k/1330 0.658 

4 
U-W - 24660 0.780 - 2/840 0.797 0.808 

0-U + k/4920 0.971 + k/2700 0.967 

8 
I-M - Z/950 0.426 - k/1045 

* 
0.433 0.470 

I-M - Z/950 0.426 - k/1160 0.441 

10 E-Q - Z/420 0.638 - k/590 0.670 0.680 

Note: Except where indicated otherwise, IA0Ieff calculated by the Design Rules
(32) formulae. 

Effective stiffener deflection given by equation 5.4, with C1  = C2  = 1/2. 

Table 5.5 Comparison Between Strength as Predicted by Multi-Span Analysis 
and Strength Obtained from Single-Span Analysis Using Effective 
Initial Stiffener Deflections 
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APPENDIX A 

GRILLAGE ANALYSIS 

A.1 	GENERAL 

In the method described in Chapter 3 the beam-column was 

assumed to be supported at the cross-girder positions by springs 

representing the stiffnesses of cross-girders. By idealising the 

stiffened plate in this manner, the analysis involved considering 

only one beam-column consisting of a stiffener and associated width 

of plating. If, however, the springs are replaced by discrete 

transverse beams consisting of transverse stiffeners and effective 

widths of flange plating, the stiffened plate can be represented by 

a grillage model as shown in Fig. A.1. Assuming that the transverse 

beam behaviour is known a treatment similar in principle to that 

used for the beam-column problem can be applied to the grillage model. 

In this appendix a solution procedure for the grillage analysis is 

described. 

A.2 	FURTHER ASSUMPTIONS 

The following assumptions for the grillage analysis are 

additional to those already made in Chapter 3 for the beam-column 

analysis. 

(1) 	There is no deflection or shear interaction between any 

adjacent beam-columns, that is, the effects of continuity 

of the plate are not considered. 
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(2) The effect of transverse stiffening can be allowed for 

by considering effective transverse beams, consisting 

of transverse stiffeners and some effective widths of 

flange plating. In general, the width of plating acting 

with the stiffener varies. For the analysis, any con-

stant value of effective width may be adopted. 

(3) Each beam-column is treated as a uniaxially compressed 

member with applied lateral loading, if any. The beam-

columns along the longitudinal edges of the stiffened 

panel are analysed in the same way as those located in-

wards. Thus the analysis applies only to uniaxially 

compressed panels. 

A.2 	SOLUTION PROCEDURE 

Figure A.1 shows a general grillage with N
L 

longitudinals 

and N
T 

transversals. The longitudinals are considered to be pin-

ended and subjected to end thrust P in the same way as the isolated 

beam-columns analysed earlier. It is also assumed that the longi-

tudinals are continuous over the transversals so that at inter-

sections they deflect equally. The transversals are treated as 

either simply supported or encastre beams subjected to forces at 

the positions where they intersect with the longitudinal members. 

The response of the transverse beams can be considered on the basis 

of either small deflection elastic beam theory or elasto-plastic 

beam theory. In most practical stiffened plates subjected to end 

thrust only, the elastic theory may be adequate in representing 

the transverse beam behaviour. However, in those grillages where 
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directly applied lateral loading is significant plastic deformat-

ions of the transverse beams may need to be considered. 

The steps involved in the computations are now given. 

A.2.1 	Equilibrium Shapes of the Longitudinals  

After all initial data, that is, cross-sectional data, 

overall geometry, initial imperfections, etc. is specified, the 

values of forces at the intersections are guessed and equilibrium 

shapes of the NL  longitudinals subjected to end thrust P are 

determined separately in much the same way as for any laterally 

loaded isolated beam-column with no spring supports. The inter-

section reactions in this case are considered as the unknown 

quantities, the solutions for which are sought in the main iterat-

ion scheme. The process of establishing equilibrium shapes of the 

longitudinals forms a secondary iteration scheme. Thus, in the 

first stage of the solution, the values of forces {F..} at the ij 

intersections are guessed and the corresponding deflections of the 

longitudinals at these locations, {A..}  are found. The suffices i 

and j denote the intersection of ith longitudinal with jth trans-

versal. 

A.2.2 	Deflections of Transverse Beams  

For the present study, it is assumed that the transverse 

beams behave elastically and that their deflections under lateral 

loads can be evaluated from simple beam bending theory. The 

flexural rigidity of any transverse beam is computed with an assumed 

effective width of the flange plate and elastic value of Young's 

Modulus for the material. With the transverse beam properties 
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known, deflections of the transversals can be determined for any 

given loads and end support conditions. 

In general, the deflections {w 
s
.} for the jth transversal 

and intersection locations s are given by, 

{wS .} = - EfSt  I j {F .) 
	

s = 1, NL  

t = 1 N
L  

where {Ft.}  are the intersection forces considered as equal in mag-

nitude and opposite in direction to the forces assumed to act on 

the longitudinals, and [-fst  1. is the flexibility influence coeffic-

ient matrix for transversal j. 

The influence coefficients (f
st 

 ). for simply supported 

or encastre transverse beams of flexural rigidities (EIT)j  are 

given by the following relations:- 

(a) Simply supported case: 

For t 	s, 

zs 	- zt
) 

(f st  ). 	6B (El ) 
T 	

(B - zs) - (B - zt)2  - (B - 

A.2 

where B and z  are as defined in Fig. A.1. For t < s, 

the coefficients are found from symmetry of the matrix 

[f s 

(b) Encastre case: 

For t 3 s, 

	

z2 (B 	z  .2 

t)  
(f

st
)
j 6B (EI

T
)
j 

p)3Zt  — 3Bzszt  - (B - zdzsi 

•••• A.3 

The note under equation A.2 applies in this case as well. 
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A.2.3 	Deflection Compatibility at Intersections of Longitudinals  

with Transversals  

From the deflections of longitudinals and transversals 

obtained as outlined in Sections A.2.1 and A.2.2 respectively, 

conditions of deflection compatibility may be written for the 

N
L 

x N
T 
intersections. Thus: 

Eii(Fkt) = A.. 	 j i 
- w = 0 	i = 1, NL  (k = 1, NL) 

ii  

j = 1, NT  (k = 1, NT) 

.... A.4 

where E.. is an error function which depends on the assumed forces 
13 

{F
kk
}
' 

and represents the lack of deflection compatibility at the 

intersection ij. 

The above equations are similar in form to equations 3.22 

and hence are also suitable for solution by the Newton-Raphson 

iterative numerical method described in Chapter 3. The 

unknowns in equations A.4 are the intersection forces 
{FId,} 

 and 

consequently the Jacobian matrix in this case is evaluated about 

the assumed solution vector {FkR,' }• The correction terms {SFkt} are 

then obtained by satisfying the following necessary conditions for 

convergence: 

{E..67  )1 A. aEij(Fkk)  
13 Id, 	9F 	• {(STkt

} = 0 
kt F =T 

k9., id. 

• • • •• A.5 

It should be noted that the above conditions relate to 

a general grillage which need not have any symmetry about its 

longitudinal or transverse axis. However, where symmetry does 

exist, advantage may be taken to simplify the computations involved. 
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In addition, since the process of establishing equilibrium shapes 

of the longitudinals does not involve springs but some assumed 

values of intersection forces, the Jacobian matrix of equation 

3.25 is always a banded matrix in the grillage analysis. Hence by 

taking advantage of this feature, the computations can be further 

simplified. 

A.3 	ULTIMATE LOAD CAPACITY OF THE GRILLAGE 

In the analysis procedure described in Sections A.2.1 to 

A.2.3, the grillage was assumed to be in uniform compression, that 

is, each longitudinal was subjected to end thrust P. Under such 

• loading conditions, the ultimate load of the grillage is determined 

by following the procedure described in Section 3.3 for an isolated 

beam-column. The effects of any constant or proportional lateral 

loading on the grillage can be considered in the same way 

as for the beam-column. 

By making some modifications in the computational proced-

ure, it is possible also to obtain a solution for the uniform dis-

placement condition, that is, when the loaded edges remain straight. 

The steps involved in such an analysis are described in the follow-

ing section. 

A.4 	GRILLAGE WITH CONSTANT END DISPLACEMENT 

When a grillage is loaded such that it undergoes constant 

end-shortening across its full width, the corresponding distribut-

ion of end thrust is not uniform. Thus, in the first instance, 

the analysis procedure described in earlier sections has to be 
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modified to cater for the varying end thrust. The solution for 

the constant end displacement condition is then achieved by 

systematically adjusting the end thrust on each longitudinal until 

the resulting end-shortenings of all longitudinals are the same. 

As an initial step in the solution procedure, the end 

thrusts P.
1 
 (i=1, N

L
) on the longitudinals are assumed and the 

equilibrium shape of the grillage is established. The total end-

shortenings AL.(i=1, NL) which include in-plane displacements due 

to both curvature and axial straining, are then evaluated by using 

the expressions given in Appendix C. 

The criteria adopted for adjusting the .end thrusts so 

that the end-shortenings of all longitudinals approach the same 

value, are as follows: 

(a) The total end thrust P
* on the grillage does not change. 

Thus, for any adjusted end thrust distribution Pi, we 

have, 

T, 
P*  = y Pi  

i=1 
.... A.6 

(b) The end thrust correction AP. for the ith longitudinal 

is given by, 

AP. = S.
L 
 (AL°  - ALi) 	.... A.7 

• 

where Si is the slope of the end thrust versus end- 

shortening curve, in the vicinity of thrust Pi 

 

(Fig. 

A.2) and AL°  is the constant end displacement for the 

entire grillage. 



X AP. = X S.L  OLo  - AL) = 0 
. 

i=1 	1=1 

NL 	NL  
.... A.8 

N
L  
X S7 • AL. 

AL° = 1=1 	 .... A.9 
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Now, from equation A.6 it follows that the sum of all 

end thrust corrections must be zero, that is, 

Hence, 

With AL°  evaluated, the end thrust corrections are 

obtained from equation A.7 and the procedure of establishing the 

deflected shape of the grillage is repeated with the adjusted 

valuesofendthrustsP..In each cycle of this iterative proced-

ure, AL°  is calculated. The constant displacement condition for 

the grillage is assumed to be achieved when the following condit-

ion is satisfied for each longitudinal: 

rho - 
	 < 

L- AL°  
.... A.10 

where U„ is a specified small quantity representing the accuracy 

to which the end-shortenings of the longitudinals must be adjusted. 

Having established one equilibrium condition for the 

grillage, the total thrust on the grillage is incremented and 

another equilibrium shape for constant end displacement is attempted. 

This incremental procedure is carried through until the ultimate 

load of the grillage is reached. 
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A.5 	EXAMPLE OF GRILLAGE ANALYSIS 

To illustrate the application of the grillage approach to 

the inelastic analysis of stiffened compression panels, a grillage 

representing panels E-I and I-M of the compression flange of Model 8 

was chosen as an example. Details of the plate/stiffener geometry 

and data relating to the stress-strain behaviour of the plate panels 

were the same as those used in the beam-column analysis described in 

Chapter 4. 

The grillage consisted of nine pin-ended beam-columns which 

were supported at their mid-spans by a transverse beam representing 

the cross-girder and a width of flange plating equal to B/8 on each 

side of the cross-girder. The initial deflections of the stiffened 

panels were assumed to be of sinusoidal form; the deflections were 

such that the average value for each bay was the value given in Table 

2.3. The grillage was analysed for two conditions, namely, uniform 

end thrust and uniform end displacement conditions; Fig. A.3 shows 

the variation of end displacement (end-shortening) and of axial thrust 

across the flange width for these two cases. With constant axial 

thrust, the maximum load-carrying capacity of the grillage was reached 

when failure occurred in the central beam-column, that is, the beam-

column with maximum initial curvature. However, when the axial 

thrusts on the beam-columns were adjusted so as to achieve uniform 

end-shortening, the load was redistributed from the inner beam-columns 

to the outer ones, and at collapse the axial thrust on the outermost 

member was 1.2 times that on the central one; the total load on the 

grillage in this case was 5 per cent more than that attained under 

constant axial thrust. The analysis indicated that the process of 
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adjusting axial thrusts to achieve similar end-shortenings (variation 

of less than one per cent) in the beam-columns, was generally accom-

plished within 3 iteration cycles. 

Since in the grillage example considered the initial bow in 

the transverse direction was assumed to be of sinusoidal form, the 

initial deflections in the inner parts of the grillage were of greater 

magnitudes than the deflections assumed (in Chapter 4) in the analysis 

of the individual beam-column; hence the lower value for the ultimate 

capacity of the grillage. For the same reason, the example grillage 

does not adequately represent the test grillage of Model 8. Neverthe-

less, the example has helped test the method of analysis which could 

now be applied to study such aspects of stiffened panel behaviour as, 

forces on cross-girders, the influence of flexibility of the cross-

girders and the behaviour of grillages subjected to combined axial 

thrust and lateral loading. 
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APPENDIX B 

CURVATURE AT THE LOCATION OF A CUSP IN THE INITIAL SHAPE  

OF THE BEAM-COLUMN 

Let the cusp in the initial shape of the beam-column occur 

at node r. Then for any assumed values of initial deflections, the 

slopes of the tangents to the right and left of node r, denoted by 

R 
and  eL respectively, may be determined from the following forward 

and backward difference formulae: 

e
R 
- 
(- 3Yor 4Yor+1 Yor+2)  

	

c 	26x 

	

eL 	
(- 3y or  + 4yor-1 Yor-2)  

c 
- 

2(Sx 

.... 	(B.1) 

.... 	(B.2) 

where yo
r yor+1 

... are initial deflections at nodes r, r+1 ... etc. 

Denoting the total rotation of the tangent to the initial 

deflection curve at r by 0
c 
(= 0

R 
-

L
), and considering continuity 

c 	c 

of rotations at the node, the applied curvature at r can be evaluated 

from the expression, 

(Yr-1 - 2Yr Yr+1) 	Eic 

dx2 	
dx 

 
.... 	(B.3) 
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APPENDIX C 

END-SHORTENING OF THE BEAM-COLUMN  

Let the end-shortening of the beam-column due to curvature 

alone be denoted by ALB. Then, for small displacements, we have, 

L  
B 1 

f „dx 0 
.... 	(C.1) 

The axial shortening of the beam-column, ALC, under the action of 

applied loading is given by, 

L 
ALC  = f c

c 
• dx 

0 
.... (C.2) 

where c
c 

is the strain at the centroid of the plate/stiffener 

assembly. Denoting the end-shortening due to initial curvature 

by ALI, the total end-shortening of the beam-column under load is, 

AL = ALB + ALC - ALI 
	

.... (C.3) 

For any given load, after the equilibrium shape of the beam-

column has been established, AL can be evaluated using numerical 

integration procedures. 
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Cylindrical rocker 

Hydraulic Jacks 	 Cylindrical rocker 
on roller bearings 

TEST RIG FOR MODEL 1. INSERT SHOWS TRANSVERSE 
LOCATIONS OF JACKS AND CENTRAL BEARINGS. 

0 
—7—  

\oil

Centre reaction 
provided by floor 
holding down 
arrangement 

Hydraulic Jacks 

TEST RIG FOR MODEL 9 (SHEAR LAG TEST) 

Fig. 2.1 Diagrams of Rigs used for Point Load Tests 
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Fig. 2.2. 	Model 1 - a general view of the model and 
the test rig. 

Fig. 2.3. 	Model 9 - showing the centre support 
arrangement. 
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at floor level 

Fig. 2.4 Diagram of Rig used to Apply Pure Moment on Models 2,4 & B 
(Model 10 was loaded in a similar way, but the loading arms and the holding-down 
arrangement were modified details of which are given in Fig 2.6 Lever arm for 
Model 10 was 7L9") 



Fig. 2.5. 	End loading unit used for Models 2, 4 and 
8. The 100 ton Amsler hydraulic jack and 
the holding-down bolt at model/loading 
unit junction can also be seen. 
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Fig. 2.7. 	A view of the deflection rig for Models 2, 4 and 8. 

Fig. 2.8. 	A close-up view of the deflection frame 
used for Models 9 and 10. 
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Fig. 2.13. Model 1 - showing the compression flange 
after collapse. The positions of diaphragm 
and stiffeners are indicated by dashed lines. 

Fig. 2.14. Model 1 - an inside view of the model (from 
end A). Note the deflected shape of longi-
tudinal stiffeners of the compression flange 
in the panel nearest to the central diaphragm 
and the lateral buckling in the next panel. 
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Fig. 2.28. Model 2 - showing buckles in the compression 
flange after the second collapse test (Test 
2B). After first collapse (Test 2A) in the 
panel adjacent to the end cross-frame, this 
bay was stiffened as shown. Stiffener locat-
ions are indicated by dashed lines. 
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Fig. 2.31 Model 2. Growth of Deflections and Strains with Load. 
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Fig. 2.33a. 	Model 2 - a close-up view showing the mid- 
span regions of the compression flange and 
north web, after Test 2B. 

Fig. 2.33b. 	Model 2 - showing the interior of the model 
(from end C) after collapse. Note the lateral 
buckling of longitudinal stiffeners close to 
the transversals, in the bay adjacent to the 
critical one. 
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Fig. 2.43a. 	Model 4 - showing part of the compression 
flange after the test to failure. Stiffener 
locations are indicated by dashed lines. 

Fig. 2.43b. 	Model 4 - an interior view of the model (from 
end A) after failure. 
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Fig. 2.52a. 	Model 8 - after the collapse test. 

Fig. 2.52b. 	Model 8 - showing the inside of the model (from 
end M) after failure. The compression flange 
is at the top of the picture. Although the 
deflections in bay I-M were outwards, the longi-
tudinal stiffeners exhibit very little lateral 
deflections. 
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Fig. 2.67a. 

Fig. 2.67b. 

Model 9 - after the collapse test (Test 9B). 
Stiffener locations are indicated by dashed 
l;~oc 

Model 9 - showing the compression flange (from 
end A) after collapse. Stiffener locations are 
indicated by dashed lines. 
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Fig. 2.67c. 	Model 9 - an inside view of the model (from 

end A) after collapse. 
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- 	990 
-1130  
- 1 2 8 0 
-1450  
- 1 600 
-1680  

- 	410 
- 	665 
- 	760  
- 	860  
- 	975 
- 107 5 
- 113 0 

C 	Yield strain 

emox  Theoretical shear lag  strain in 
compression flange plate at flange/ 
web junction 

En  Longitudinal strain in compression 
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Strains indicated are:- 
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Fig. 2.71a 

Test 9B: Longitudinal Strain at Cross-section H 

(15+ in from mid-span) 
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Test 9B: Longitudinal Strain at Cross-section I-J 
( 7i in from mid-span) 
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Fig. 2.71c 
Test 9B: Longitudinal Strain at Mid-span 
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Test 9B: Longitudinal Strain at Cross-section 11M 
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Fig. 2.72 
Test 9B: Out-of-plane Deflections of Longitudinal Stiffeners 
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Test 9B: Strain in Longitudinal Stiffeners 
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Fig. 2.74 
Test 9B: Longitudinal and Shear Strains at Cross-sections 1-J and K' 
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Model 10: Details of End Cross-frame 
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Fig. 2.81a 
Test 10 A: Longitudinal Strain at Cross-sections Indicated 
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Fig. 2.90a. 	Model 10 - a view of the model after the collapse 
test (Test 10C). Stiffener locations are indicated 
by dashed lines. 



363 

Fig. 2.90b. 	Model 10 - showing the compression flange (cut-off 
from the model) after the collapse test. 

Fig. 2.90c. 	Model 10 - the compression flange after collapse, 
showing the lateral deflections of longitudinal 
stiffeners. The deflections became amplified (as 
seen above) after large deformations were applied 
to the model. 
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