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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 strucﬁure. 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



positions by springs which simulate the stiffnesses of the girders.
The effects of coﬁtinuity on the compressive strength of the panel
are studied using this multi-span approach. Twormodes 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 ﬁork 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 thaé 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 wel&ing 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 elemehts. 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 girdef 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, 38153(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(Z)

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 éompression flange. Generally,
the flange will comsist 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 om 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

(3)

comnittee of enquiry, the Merrison Committee 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

4)

have recently been reviewed by Dowling .

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 Enviromment 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 receivéd 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 elastiec 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

’ (6)

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

.ons(10,11,12,13)

i 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

(14)

analysis of thin plates. Moxham , 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,

(15,16)

Crisfield 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

(17)

integration using Ilyushin's 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

(18)

determined by the Prandtl-Reuss flow rule.

A computer program for the elasto-plastic analysis of

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

Frieze(lg). 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-—

(20)

ulation of the 'volume approach' has been developed by Harding .

Frieze, Dowling and Hobbs have carried out a comprehensive

(21)

study 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 slendermesses.

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

(22)

boundary conditions are pointed out by Davidson in his review

of the post-buckling behaviour of unstiffened rectangular plates

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

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

Moxham
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

(14)

agreement with Moxham's theoretical solutions

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 colwm 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:

(1) 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 columm;

(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 effegﬁs 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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(25) has evolved from

The design method suggested by Dwight
an analytical treatment similar in principlé 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

(26) is obtained.

éolumn curves similar to the European Column Curves
Both modes of column failure, that is, failure towards stiffener
outstand and away from it, are investigated. 1In 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 experimenta1(24)

and theoretical(la)

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 comditioms in a
multi-stiffened panel, where the column—-type analysis is particularly
well suited. 1In 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.

(27)

Murray also adopts the columm 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 cabac-
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 p§rameter»suitaﬁle 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.

(28)

Horne and Narayanan 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 sectionm.

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

(29)

The method developed by Massonnet and Maquoi 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 Pflﬁger(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(Bl)
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
(12

from an elastic large-deflection analysis 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
buékling 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.

) 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



25.

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.

(33)

Chatterjee and Dowling also use the hybrid behavioural
model in ﬁheir 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

(21), it has been deduced that

analyses of initially imperfect plates
the plate panel behgviour 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 yiéld criterion. For outstand initiated
failure, the ultimate stress is reached when the stress in tLe
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 mbde, 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. 1In 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(Bl). 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 tétal 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 cﬁrrently being extended to include

(36). Solutions using the finite element

(37)

elasto—-plastiec behaviour

formulation have more recently been obtained by Moan and Streide

1.2.,5 Review of Theoretical Work on Column Approach

The pioneering work on treating the stiffened compression
flange between transverse frames as a beamcolumn 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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. . ‘ (38)
Following the experimental work of Ostapenko and Lee ’
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 aQSumed'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 ultimgte strength of the beamcolumn 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 curvés 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 columms.

(22)

Davidson 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

(40)

average stress—edge strain curves as given by Koiter's equation .
y

(41)

Accordingly, Tsuiji 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

(42)

approach and consequently Vojta and Ostapenko 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

(44)

stress—edge strain relationships, Parsanejad developed a method
for analysing the behaviour of plated grillagés-éﬁbjected 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,

(45) (46)

Mittleman adopted Virdi's 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 columms and
éssuming 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

(47)

exploratory work was then extended by Virdi , 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(za)

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 columm 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(zs).

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(ag)

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.

(50)

Horne and Narayanan 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), &/r (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(51) (b/t =
34 to 96, 2/r = 21 to 66). The tests by Smith were in connection
with the type of grillages used in ship-bottom structures.

(29)

Massonnet and Maquoi conducted tests on six stiffened
panéls, all of whiéh had plate panels with b/t of 48 but the pro-
portions and the spacings of longitudinal stiffeners were varied
(/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(zg); 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(SZ).
They considered an 8 £t 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 thesls 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 beamcolumn 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 curvés as derived from elasto-plastic
‘analysisczl) 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-columms, 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 éssuming 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.



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 thé:experiﬁentél 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 OQutline 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.

35.
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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 2.1l. 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
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between models was the slenderness of either the plate panels (b/t)
or the stiffeners (&/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.
Fér 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 pystrain/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(ss)
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/in? 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 tFig. 2.1). Both models were

tested by applying hydraulic jack loading at ome 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 réaction 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. TFigure 2.2 shows a photograph of the model and the test
rig.

Since the main object of the test onrModel 9 was to
study the effect of shear lag on compression flange behaviour, the
central reaction system was ﬁodified 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 testson 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 1$ading 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



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
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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 incremeﬁts 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-—



44,

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-
inai 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

(32). It should be noted,

tolerances specified in the Design Rules
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 directiom.

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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(32)

specified in the Design Rules . 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 ip 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 longitﬁdinal 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 1} 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-sectionms.
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
désigned 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, o
of 13.0 tonf/in? 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
(Gn = 12.6 tonf/in?), 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 407 and 67 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(so)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. 1In 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



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, on = 13.3 tonf/in?, buckling occurred in the
other flange plate panels close to section W (Figs 2.23 and 2.