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Synopsis 
This work is concerned with local buckling and lateral distortional buckling, two 

aspects of instability that govern the design of composite beams in hogging regions. 
Local buckling in hogging regions of a continuous composite beam was mod- 

elled by moment curvature characteristics of a cantilever, modified by two curvature 
ratios, K, and K2. Test based expressions for K, and K2 i in terms of a com- 
bined slenderness A, were developed, and subsequently used in numerical analyses 
of 50 two-span composite beams to assess moment redistribution allowed for Class 

2 beams by draft Eurocode 4. The analyses include effects of non-linear material 
properties, residual stresses and local buckling. The parametrical studies include 

adverse values, in relation to practice, of relative length of adjacent spans, span-to- 
depth ratio, and ratio of hogging to sagging moment of resistances. It is concluded 
that the redistribution of elastic bending moments allowed by the draft Eurocode 4 

is safe and economical. 
Distortional lateral buckling of composite beams with both continuous and dis- 

crete U-frame actions was studied experimentally. Distortional lateral buckling was 
found in the tests of two composite beams with inverted U-frame actions. Web 

distortion was effectively reduced by vertical web stiffeners, which form a part of 
discrete U-frames together with the slab and the connection of U-frame. The work 

provides background to assess lateral buckling strength for composite beams with 
both continuous and discrete U-frame actions. A further theoretical approach on 

the topic of discrete inverted U-frame action was presented. 

Strength and stiffness of discrete U-frame connections were also studied. The 

strength of a discrete U-frame connection was found to be influenced by both the 

shear failure of concrete, and the yielding of steel top flange in the connection. A 

simple rule to assure strength of U-frame connections is proposed by checking these 

two failures separately. The prediction of shear failure of a U-frame connection is 

based on a truss model, and the prediction of failure in the steel top flange is based 

on a rigid plastic mechanism. A semi-empirical formula for flexibility of a U-frame 

connection was derived. They were all checked against test results. Interactive U- 

frame force and U-frame stiffness were also studied. A tentative design method for 

discrete U-frame composite beams was proposed. 
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Chapter 1 

General Introduction 
In recent years, composite beams have been found to be an economic form of 

construction. It is a result of continuous innovations in the design of composite 
construction that a rapid growth of using composite construction has taken place 
in the last ten years, and on the other hand, it also stimulates further research and 
development. 

The composite beams considered here are made up of steel I-sections, welded 

stud shear connectors, and insitu concrete slabs, with or without metal decking. In 

practice, composite beams are usually designed as simply- supported, but at longer 

spans, continuous beams can provide a more economic design. Plate girders are used 
for the longer spans in bridge structures, while in a building structure, the minimum 

economic span can be reduced to below 20 m by the use of rolled universal beams. 

This research project forms part of a long-term study into the strength and 
behaviour of continuous composite beams in the hogging moment region near an 

intermediate support, at the ultimate state. The design of composite beams in 

this region is governed by effects of local and distortional lateral buckling. Lateral 

buckling of the bottom flange can be eliminated by either cross bracing to the 

bottom flange or by the partial lateral restraint provided by a pair of webs and 

the slab, which form an inverted U-frame. When a beam is restrained from lateral 

buckling, part of the web and the bottom flange in compression near the support are 

prone to local buckling. It has been found from the previous research and practice 

that for the majority of rolled sections, it is not necessary to introduce additional 

restraint when a composite beam is designed up to a limit on the moment capacity, 

i. e. the plastic moment capacity, in the hogging moment region. This is especial in 

building structures, when beams with compact cross sections are designed related 

to the plastic moment resistance. However, at the longer spans in bridge structures, 

the beams usually have slender cross sections, and distortional lateral buckling may 

govern the ultimate strength of the beams. 

The work reported in this thesis consists mainly of two parts relevant to the 

I 



ultimate strength of continuous composite beams affected by instability in the hog- 

ging moment region: (i)a parametric study to investigate the amount of moment 
redistribution for beams with Class 2 cross-sections related to local buckling; (ii) an 
experimental study to investigate distortional lateral buckling of Class 3/4 (slender) 

composite beams with inverted U-frame action. The scopes of the research therefore 
apply to the continuous composite beam design in building structures, and to the 
design of composite bridges in the hogging moment region. 

A lot of experimental and theoretical research has been done on local buckling 

and its effect on moment redistribution in continuous composite beams. This piece 
of work focuses on moment redistribution related to inelastic local buckling in con- 
tinuous composite beams with Class 2 cross-sections. The objective of the work 
was to check the margin of safety of a quasi-elastic design method adopted in the 

recently drafted EC4 [1] for buildings, which allows 30% moment redistribution from 

the hogging internal support to the sagging region based on elastic global analysis. 
The computer program used for the non-linear numerical analysis was developed by 

the present author. It includes the effects of non-linear material properties, residual 

stresses and local buckling. 

For continuous composite beams, the steel bottom flange in the hogging moment 

regions may be vulnerable to distortional lateral buckling. This instability impairs 

the ultimate load carrying capacity of the beam, and so sometimes bracings are 

required in order to achieve an economic design. However, it is widely believed that 

the provision of lateral bracing is inconvenient, costly and unnecessary, especially 

for those beams with rather compact cross-sections (Class I or -9). such as hot-rolled 

universal beam sections. It is logical to assume that, depending on the flexural 

stiffness of the web, the lateral restraint from the concrete slab should be able to 

transfer to the compression bottom flange, so that the design of bridge structures(or 

buildings) with parallel main composite girders with inverted U-frame action can 

be simplified by eliminating the bracing in hogging bending regions. Instead of 

bracing, in U-frame beams, continuous restraint is provided to the compression 

flange by the slab and the web for unstiffened plate girders, and discrete restraint 

is provided to the compression flange by the intermediate vertical stiffeners which 

act as discrete inverted U-frames together with a part of the slab. Unfortunately, 
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there is not sufficient experimental evidence to substantiate this view, especially 
for those beams used in composite bridges, which usually have much more slender 
cross-sections, with vertical stiffeners which are usually provided for vertical shear. 
but also increase the flexural stiffness of the web. 

The objective of this part of the work was therefore to investigate experimen- 
tally the distortional lateral buckling of composite beams with inverted U-frame 

action. Firstly, distortional lateral buckling of a continuous composite beam with 
continuous inverted U-frame action is assessed at the ultimate state, and then sec- 
ondly, the distortional lateral buckling of a continuous composite beam with discrete 
inverted U-frame action is studied, and finally, the strength and the stiffness of dis- 

crete inverted U-frames are evaluated based on a series of tests on isolated U-frame 

configurations. 
No general method of assessing the distortional lateral buckling of composite 

beams with inverted U-frame action is yet available. The only relevant design 

method regarding U-frame action is the one given in the Bridge Code(BS5400) 

[21 for steel beams, so that the test results have been compared with this relevant 
design method. The experimental work also provides background for the theoreti- 

cal approach on the topic of distortional lateral buckling of composite beams with 
discrete inverted U-frame action, upon which, a new design method is proposed. 

There are ten chapters in this thesis. Chapter I gives a general introduction of 

the research. An attempt is made to describe the aim and topic of the research. 

Then each subsequent chapter is outlined. 
In Chapter 2, comprehensive literature reviews, on local buckling and moment 

redistribution for composite beams, and on distortional lateral buckling of composite 

beams are given. The relevant investigation of U-frame action is also summarized. 

In Chapters 3 and 4, local buckling and moment redistribution in continuous 

composite beams are studied. Numerical analysis is carried out on continuous com- 

posite beams with Class 2 cross sections. 
Investigation of distortional lateral buckling of composite beams with both con- 

tinuous U-frame and discrete U-frame action is described in Chapters 5., 6, and 7. 

Chapter 5 gives specimen design and test preparations. Chapter 6 presents the test 

results and in Chapter 7, analysis and assessment of the test results are given. 
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Investigation of U-frame action is described in Chapter 8. Both strength and 
stiffness of U-frames are studied. The U-frame action in the global beam tests is 

also assessed. 
A theoretical approach to investigate distortional lateral buckling of composite 

beams with U-frame action is described in Chapter 9. The interactive U-frame 
force and stiffness are also studied. A tentative design method for discrete U-frame 

composite beams is proposed. 
In Chapter 10, conclusions and design recommendations for composite beams 

with discrete U-frame action are summarized. 
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Chapter 2 

Literature Review 

2.1 Introduction 

The ultimate strength of continuous composite beams has been a main concern in 
limit state design for many years. Many problems have been tackled previously 
including the effect of local buckling, ultimate moment of resistance, ultimate shear 
capacity, partial shear connection, redistribution of moments, cracking, and more 
recently distortional lateral buckling of the bottom flange. In hogging moment 
regions, buckling is an important structural problem. 

There are two main areas of research in this project: local buckling and moment 
redistribution, and distortional lateral buckling of beams with U-frame action, and 

so this chapter is divided into two parts, one devoted to each piece of work. 
The first part gives a review of research on local buckling in composite beams and 

its effect on redistribution of moments. The background for the present research is 

given, following a discussion of the current design philosophy for Class 2 continuous 

composite beams in accordance with draft Eurocode 4 [1]. 

The second part of this chapter is concerned with the investigation of distortional 

lateral buckling of composite beams, and of U-frame action. The review of the 

research on distortional lateral buckling in composite beams will begin with the 

studies which have led to the present design methods. In addition, the present 

design method for restraint of distortional lateral buckling by U-frame action is 

outlined and commented on. 

2.2 Local buckling and moment redistribution 

2.2.1 Local buckling and cross-section classification 

Local buckling refers to conditions under which the compression flange or portion 

of the web in compression, buckles in a local region. Local buckling of thin-walled 

steel sections has been researched extensively over the past forty years because of its 
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prominent influence on the strength of beams and columns. There is a comprehensive 
basic literature [3,4,5]. 

The behaviour of local buckling is very similar in a steel beam and in a composite 
beam; however, for composite beams, the steel top flange is attached to the concrete 
slab, so that only part of the web and the bottom flange in the hogging moment 
region adjacent to an internal support of a continuous support, are prone to local 
buckling. 

Local buckling is generally considered in design codes by limiting the width-to- 
thickness ratios of the flange and web. Stowell [6] derived an expression for the 

compressive strain at the onset of buckling of a flange, which is assumed to be 
free to rotate along the line of the web. Lay and Galambos [7] and Southward [8] 

extended this analysis to include the effect of the web. It has been identified that 
local buckling is affected by the width-to-thickness ratios of the flange and web, 
the moment gradient over the buckling wave length, lateral buckling slenderness 

and also the strain-hardening properties, especially when yield occurs in the steel 

member. 
The use of cross-section classificatioh(or compactness) to deal with the influence 

of local buckling on cross-section resistance is well established. As the resistances of 

c-ross-sections and their ability to deform are closely related to the slenderness of the 

web and flange in compression, codes of practice in many countries give limitations 

on these slendernesses for the purpose of assessing the bending resistance as well as 

choosing the most appropriate method of structural analysis. 

In early 1970's, the introduction of limit state design philosophy into codes of 

practice for design of structures began to take place in Europe and North America, 

which encouraged the development of plastic design, especially in buildings. In U. K., 

classification of cross-sections in steel structures first appeared in BS5400: part 3 [2]. 

Cross-sections are defined as either compact or non-compact, according to several 

slenderness provisions. 
The more recent codes of practice [1,9,10] have taken one step further than 

BS5400 in classification of cross-sections, by dividing them into four classes, de- 

pending on the level of susceptibility to local buckling. 

Eurocode 4 is the most relevant to the present work. The four classes of cross- 
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section are defined by the limiting width-thickness ratios for compression flanges 

and webs given in Tables 4.1 (flange) and 4.2 (web) of draft Eurocode 4 [1]. In 
Eurocode 4, the plastic neutral axis is used for webs in Class I or 2, and the elastic 
neutral axis is used for webs in Class 3 or 4. This leads a small discontinuity, in 

that a web just on the Class 3 side of the Class 2/3 boundary may have a depth 
in compression (according to the elastic theory) less than the depth in compression 
of a Class 2 web by the plastic theory. Implications of this classification system for 

the design of composite beams in buildings have been discussed by Johnson [11] and 
Brett et al [12,13]. 

An effective web in Class 2 is introduced for uncased Class 3, assuming that the 

depth of web that resists compression is limited to 20 t,, c adjacent to the compression 
flange, and 20 t,., c adjacent to the new plastic neutral axis, as shown in Fig. 2.1 for 

hogging bending. t, 
-, 

is the thickness of web and E is a steel strength factor, defined 

by: 

(2.1) 

vfy 
where fv is yield stress of the steel in N/mm 2 units. 

The relation between the classification and rotation capacity is shown diagram- 

matically in Fig. 2.2 and interpreted as follows, in accordance with Eurocode 4 [1]: 

e Class 1 (plastic) The cross-sections can develop a plastic hinge with sufficient 

rotation capacity to allow full redistribution of bending in the structure. 

Cass 2 (compact) The cross-sections can develop the plastic moment capacity 

of the sections though local buckling andlor crushing concrete limit rotation at 

constant bending moment. 

Oass 3 (semi-compact) The cross-sections can not develop the plastzc moment, 

owing to the limit of yield stress in the extreme compression fibres because of 

local buckling. 

Class 4 (slender) The cross-sections are Izable to local bucklIng of the structural 

steel by compressive stress less than the yield stress. 

For Class 1 and 2 cross sections, rotation capacity is defined as the ability of a 
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beam to deform and to rotate at critical cross sections while maintaining the plastic 
moment Mp, and it is subject to the limits due to the local buckling of steel sections 
in a hogging region and the crushing of concrete in a sagging region. 

The rotation capacity requirements in the design of continuous composite beams 
have been discussed by Kemp [14], in relation to their classification for local buckling. 
He found that for Class 2 cross-sections, the maximum redistribution of moments 
of 30% from an internal support to the mid-span by an elastic uncracked analysis 
corresponds to a required rotation capacity of 1.6. This is consistent with the values 
of 2.2 and 2.0, the minimum available rotation capacities for specimens U2 and U3 
in Fanýs tests [15]. 

As there are no appropriate design guidelines which account for interaction be- 

tween the local buckling of the compression flange and web, the classification is based 

on width-to-thickness ratio limitation for the flange and the web independently. 

Kato [161 introduced an interaction formula between the width- to-thickness ra- 
tios of flanges and web in accordance with the rotation capacity requirements. Poly- 

zois [171 developed the expressions for evaluating buckling coefficients for the com- 

pression flange and the web, accounting for the interaction between the web and the 

flange, using finite element analysis. However, both lack general test evidence. 

2.2.2 Moment redistribution in continuous composite beams 

Most of the early research work was related to the application of plastic design to 

composite beams. To enable a plastic design, it is assumed that there is sufficient 

rotation capacity in developing a collapse mechanism. However, this is subject to 

the limitation of rotation capacity due to the local buckling of steel sections in a 

hogging region and the crushing of concrete in a sagging region. 

Barnard et al [18] studied the ultimate behaviour in the sagging region, and 

verified the validity of using simple plastic theory for the design of simply supported 

beams. Barnard [191 also presented a method for estimating the curvature of a cross- 

section in sagging bending. It was then found [20] that the amount of rotation at 

maximum moment can vary extensively depending on the cross-section dimensions 

and span length. 

Van Dalen [21] tested seventeen composite double cantilevers in hogging bending 
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to simulate the hogging moment region of a continuous beam. The account of the 
work includes many detailed conclusions and design recommendations [22]. The 
evidence of severe local buckling in composite beams was also noted. 

The moment-rotation characteristic as affected by local buckling in the hogging 
region was studied by Climenhaga [23] both theoretically and experimentally. In his 
tests, the hogging region of a continuous beam was modelled as a double cantilever, 
and it was then found that local buckling only occurs close to an internal support. 
Four types of cross-section, in relation to local buckling behaviour, were identified. 

Further research was carried out by Hamada and Longworth [24] to study the 
buckling of composite beams in hogging bending. They concluded that ultimate 
moment capacity of composite beams is affected by local flange buckling, and the 
bending resistance decreases significantly with increase in the flange width-thickness 
ratio. 

Hope-Gill [25] used the results on moment-rotation or moment- curvature char- 
acteristic from Barnard [18] and Climenhaga [23] for sagging and hogging regions 
respectively, to conduct a computer study to determine the conditions under which 
continuous composite beams will reach- the plastic design loads. The work was fur- 

ther complemented by tests on three-span continuous composite beams [26]. By 

comparison with the moment rotation curves M-0 for a cantilever beam of similar 

cro ss-section, it was then found that the hogging regions are stronger in a continu- 

ous beam, even though the strai n- hardening characteristics of the steels are similar. 
Hope-Gill [27] subsequently extended the work on redistribution of moment to cover 

composite beams of slender cross-sections which cannot be designed plastically. 

In relation to the moment curvature characteristics in sagging bending, An- 

sourian [28] proposed a limiting value of 1.4 for the ductility factor X, defined as 

the ratio of the limiting neutral axis depth to the conventional neutral axis depth at 

ultimate strength, based on continuous beam tests, to allow moment shedding from 

hogging to sagging regions in continuous composite beams. 

Bradford presented a finite strip method [29] of analysis for the inelastic local 

buckling of composite beams in hogging bending, which included non-linear material 

behaviour and residual stresses. 
Meanwhile, in North American, research [30,31,32] has been focused on ex- 
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perimental tests and design studies aimed at extending the ALFD (Alternate Load 
Factor Design) concepts to non-compact steel plate-girder sections. The procedures 
in ALFD methods permit direct consideration of inelastic load redistribution in the 
determination of strength under the maximum load, and thus they rely on the de- 

velopment of plastic rotations at interior supports. Compact beams proportioned 
for plastic design are able to sustain such rotations at the full plastic moment MP, 

while non-compact beams are designed based either on a mechanism analysis with 

an "effective plastic moment" less than Mp, or on the use of realistic lower-bound 

moment rotation curves directly in the analysis. 
More recently, Johnson and Fan [33] carried out a computer study using realistic 

material properties and moment-rotation characteristic curves based on Climen- 

haga's test data [34] to check the redistribution limit for Class 3 cross-sections in 

draft Eurocode 4 [1]. It was then found up to 20% redistribution of elastic moment 
based on cracked stiffness (El,, ) is satisfactory. 

2.2.3 Design of Class 2 continuous composite beams 

When a composite beam is loaded, a redistribution of moments occurs in relation 

to the distribution of moments expected from elastic analysis. This fact is used in 

the method of design specified in various codes [2,9,11, in composite beam design 

at the ultimate state. 

If a continuous composite beam is designed plastically, the ultimate strength of 

a uniform continuous composite beam is dependent on how much of the support 

moment can be redistributed to the mid-span before collapse rather than on the 

attainment of maximum moment of resistance at the support. 

To achieve better economy in the design of composite beams, draft Eurocode 

4 has proposed a quasi-elastic method allowing a certain amount of redistribution 

of support moment to midspan in addition to the conventional elastic analysis at 

the ultimate limit state. This method is based on the assumption that pre-buckling 

plasticity and post-buckling rotation capacity in the hogging region can be relied on 

to shed at least that certain amount of bending moment before collapse occurs. 

When uncracked flexural stiffnesses (El,, ) are used in the global analysis, draft 

EC4: Part 1 [1] allows up to 30% redistribution for Class 2 beams at the ultimate 
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limit state as does BS5950: Part 3 [9]. 
Apparently, the method, which allows substantial moment redistribution, could 

be thought to be too liberal. 

2.3 Distortional lateral buckling of composite beams 

and U-frame action 

2.3.1 Distortional lateral buckling of composite beams 

When the tension flange of an I beam is restrained against lateral displacement 

and twist, distortional lateral buckling may occur, which could be considered as an 
interaction between web distortion and lateral overall buckling. 

It is a common form of top Range restraint when floor beams are connected to a 
longitudinal plate girder so as to restrain the top flange in the lateral direction. The 

most significant instance can be found in composite beam design when shear studs 
are used to connect a concrete slab to the top flange of a girder. These structures 
are susceptible to lateral buckling only in a distortional mode in hogging regions 
because the steel top flange is laterally and torsionally restrained, while the bottom 

flange is restrained partially from lateral displacement by the web, but the level of 

restraint is dependent largely on the flexural stiffness of the web. 
The distortional buckling failure mode was studied as early as 1944 by Goodier 

and Barton [35], who treated the web as a series of thin vertical beams each with 

an equivalent modulus of E/(I - it), where E is Young's modulus and P is Poission's 

ratio. The study led to the important conclusion that web deformation could be 

represented by a cubic polynomial function. 

Suzuki and Okumura [36] and Kollbrunner and Hadjin [37] have used the folded 

plate approach while others have employed more powerful finite element/strip tech- 

niques, based on either all plate elements or a combination of beam (flanges) and 

plate (web) elements for distortional buckling analysis. Among the prominent at- 

tempts is work by Hancock (1978) [38], who presented a finite strip technique capable 

of handling the interaction between local and lateral buckling in I-beams under vari- 

ous flange restraint conditions. A limit of this method, however is that only uniform 
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bending moment can be considered, because stresses in longitudinal strips must be 
kept constant. 

Bradford and Trahair [39] studied inelastic buckling problems by using the finite 

element method under various conditions of loadi 
* ng, end support and restraint, and 

further extended to distortional bucking, but they could not include the effect of 
initial geometrical imperfections. 

More research using the finite strip method has been carried out in Australia 
to study web distortional overall buckling in I-beams systematically. The general 
results indicated that for I-beams with compact cross-sections, the effects of web 
distortion are small, so that their buckling loads are close to the values calculated 
by the classical rigid web method. 

Most of the earlier research could not tackle geometrical and material non- 
linearity, and only a few people have studied distortional lateral buckling in the 
inelastic range. Bradford [40] investigated inelastic distortional buckling of deter- 

minate hot-rolled I-beams by a finite element method. Dowling at el [411 used 

a non-linear finite element program to study the overall stability of plate girders. 
Both geometrical and material non-linearities were included in the analysis, however, 

the work was limited to plate girders. 
Although elastic analysis of distortional lateral buckling for I-bearns has been 

progressing well, very little research has been done to investigate distortional lateral 

buckling of continuous composite beams especially in the inelastic range. Recogniz- 

ing the two main features of the buckling; top flange restraint and cross-sectional 

distortion, Johnson and Bradford [42] used the finite element method to conduct a 

parametric study of elastic buckling of unstiffened, fixed ended composite beams. 

In absence of direct test evidence, they assumed that the destabilising effects of 

residual stresses, geometrical imperfections, and yielding of steel (for compact cross 

sections), were the same for distortional buckling under moment gradient as those 

for non-distortional buckling. 

The resulting elastic critical stresses were found to depend principally on dlt,,, 

as in the expression 

Ucrlfv = 600(d/t,, )-1.4 (2-2) 
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where d and t,, are clear depth and thickness of the web as shown in Fig. 2-3. 
This expression gave a safe estimate of the elastic critical stress o-cr for distor- 

tional. lateral buckling. However, the result gave a design hogging resistance much 
higher than that given by the Bridge Code [2], raising the possibility that local 
buckling, which was not modelled in the analysis, could make the results unsafe. 

A further 11 beams were analysed by the same workers [431, using the same 
approach, and were compared with the results for critical local buckling moments 
given by an inelastic finite strip analysis. It was found that inelastic local buckling 

always preceded lateral buckling in composite beams with a non-compact compres- 

sion flange, whereas lateral buckling appeared to be the critical failure mode if the 

compression flange were compact. To cover both possibilities of buckling, a design 

method was proposed in which, the design hogging resistance at the face of an in- 

ternal support was determined from either a local buckling slenderness ratio OL or a 
lateral buckling slenderness ratio0d, whichever was higher, being the beam slender- 

ness 0 used in the design method (BS5400: Part 3 [21), withOd based on equation 
2.1 or expressed as; 

Od = 3.08(d/t,, )0.7 (2.3) 

and 
A=3.5 (Of #W)0.5 (2.4) 

where ýf and ý,, are slenderness of the bottom flange and the web, defined in the 

Bridge Code [2]. 

Because local and lateral buckling were not modelled in the same analysis, the 

method may exclude an adverse interaction. 

Weston and Nethercot [44] modelled both local and lateral buckling in the same 

numerical analysis, using a large deflexion elasto-plastic finite element program de- 

veloped by Crisfied [451, which was capable of modelling initial imperfections. 

In the finite element analysis, the top and bottom flanges of a mono- symmetrical 

I-beam were treated as stiffeners, which attached to the adjacent web plate elements. 

The top flange was fully prevented from lateral displacement, and twist along the 

member was restrained by a degree appropriate to the slab stiffness, but at the fixed- 

ended support, the boundary condition permitted the bottom flange to rotate about 
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Table 2-1: Ranaes of slenderness raflo,, liqp(i 
; TI nqrnm, -f. r; r cfiifI;, oc 

Authors Web d/t,, bf(bot)ltf (bot) Llbf(bot) 

Bradford and Johnson [42] [43] _ 39-107 5-15 48-90 
Weston and Nethercot [441 39-117 2-13 55-330__. 

j 

a vertical axis. That is the same condition as adopted by Johnson and Bradford 
[42,431. A parametric study was carried out and 19 beams with spans ranging 
from 23 m to 33 m were analysed. They found that buckling failure was always 
concentrated in the region adjacent to the support, and concluded that the dominant 

mode of failure in compact or near compact bridge girders is likely to be inelastic 
local buckling adjacent to internal supports. 

In contrast to the finding by Johnson and Bradford [43], the results indicated that 

the slenderness of the bottom flange is also an important parameter to determine the 

critical load for distortional lateral buckling. A new design method was proposed, 

which was intended for use with the existing lateral buckling rules in the present 
Bridge Code(BS5400: Part 3 [2]). The slenderness parameter for lateral buckling is 

calculated as a function of the geometrical parameters as follows: 

)=1.28(L/r, )0*5 (dlt,, )0.33 
-29 (2.5) 

where L is the distance between two fully lateral restraints(span of a beam), and r, 
is the radius of gyration of the bottom flange. 

The ranges of the three relevant slendernesses are given in Table 2.1, in which 

the notation is as given in Fig. 2.3. 

Both methods are based on parametric studies with uniformly distributed load- 

ing, and the length of the hogging moment region ranges from 0.21 L for a fixed-end 

beam to 0.24 L for multi-span continuous beams so that the moment gradients were 

steep. A comparison of the two methods is given in Fig. 2.4, in which the slenderness 

0 is plotted against the ratio Llbf (bot) i where bf (bot) is the width of the bottom flange, 

The range of dlt,, is from 39 to 117 in the parametric studies, so that only the curves 

corresponding to dlt,, of 40 and 100 are given. When Llbf (bot) ranges from 50 to 100, 

the values of 0 given by equations 2.3 and 2.5 are very close, and when Llbf(bot) is 
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beyond 100, the curves based on eq. 2.3 are lower than those based on eq. 2-5. This is 
because that eq. 2.3 is based on the numerical study, with the range of Llbf (bot) from 
48 to 90. A wider range of Llbf(bot) is covered by eq. 2.5. Only three specimens with 
the ratio of Llbf (b,, t) from 50 to 100 were found dominated by local bucking failure 
in the numerical study [44], and the others were found failing in lateral buckling, 

especially those with Llbf(bot) beyond 100. 

However the two methods suffer the same drawbacks, neglecting the effect of 
variation of moment gradients other than the case of fixed-ended beams, and the 

effect of the flexibility of the slab or the bf(bot)llf (bot) ratio of the bottom flange. 
Svensson [461 analysed the problem using a different approach. He examined 

the stability of an elastically supported column subjected to a varying axial force 

along its length and then modelled the free flange of a composite girder as such a 

member. The partial lateral restraint of the web to the free flange is introduced 

by the foundation modulus expressed in terms of web stiffness and slab stiffness. 
The variation of axial force was represented as a quadratic function in the governing 

equation of the buckling problem. The quadratic coefficients are chosen to relate 

closely to the pattern of moments in the beams. However, the effect of local buckling 

is excluded and the elastic critical buckling stress is also underestimated by assuming 

the boundary conditions at the two ends of the column as pin-ended. William and 

Jemah [47] have used finite strip programs to tackle the problem as an assemblage 

of flat plates, and further extended the scope of Svensson's work to cover all possible 

contributions of beam end conditions. To achieve a better agreement between the 

predictions from the plate theory and the equivalent column concept, they suggested 

adding 15% of the web area to the flange area when the bottom flange is modelled 

as an elastically supported column. 
Goltermann and Svensson [48] presented a refinement of the column on elastic 

foundation method, which includes the effect of rotational restraint at the top flange. 

The Saint Venant torsional effect was also introduced into the problem this time, 

which was previously ignored by Svensson. 

For design purposes, the limiting compressive stress ali at the bottom flange was 

suggested (in accordance with the approach adopted in Eurocode 3 [10]) as being: 
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Olli I 

fu -+A4 (2.6) 

with A is defined as: 

A= 
FclrI 

(2.7) 

where cr, is the elastic buckling stress of the bottom flange and fu is the yield stress 
of the steel. 

The comparison in [44] with the results from [46] suggests that susceptibility to 
local buckling may not have much influence on lateral buckling, which is consistent 
with the finding that when test data on lateral buckling of steel members were being 

used as a basis for the design curve in the Bridge Code, the performance of members 

of slender section (i. e. Class 3) was not found to be inferior to that of compact 
members (i. e. Class I and 2). This assumption is made in two recent ly- developed 
design procedures, namely SCI method [49] and EC4 method [11, for lateral buckling 

of composite beams described as follows. 

The method proposed by the Steel Construction Institute (SCI method) is basi- 

cally for the design of composite beams with haunched steelwork, but also applied 
to the unhaunched beams. To be consistent with current design practice for lateral- 

torsional buckling of steel beams in BS5950: Part 1 [50], the effective slenderness 
ALT is used, which is defined in the code by: 

ALT= nuvtA (2.8) 

and 
Ln/rz (2.9) 

where 

op u is a buckling parameter (= 0.9 for universal beams). 

9 vt is a slenderness factor, which includes effects of Saint Venant torsion, cross 

section shape, and etc., 

n is the slenderness correction factor for the shape of the bending moment 

diagram, 
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* Ln is the calculated critical length, and r, is the minor-axis radius of gyration 

of the steel section. 

It is derived for a composite beam with an undistorted I section rotating through 

angle 0 about the same point, subject to uniform hogging moment, by using the usual 
energy method. In the analysis, the top flange was assumed to be fully restrained 
both laterally and torsionally. The web distortion is introduced by adding the energy 
of bending of the web to the total strain energy of the system. It includes St Venant 

torsion, lateral bending, and axial shortening of the bottom Range, but not the 

effects of restrained warping, and the transverse flexibility of the concrete slab. The 

compression force in bottom flange is also assumed as M,, ID throughout the beam 

length., where M,, is the elastic critical moment and D is the overall depth of the 

steel section, as shown in Fig. 2.3. 

The slenderness factor vt is expressed as: 

Vt =1 (2.10) 
[I + (A/X)2/40 + (L/D)31,, Ln/161v]0.5 

and the critical buckling length L, is found as: 

Lcr = 3.74(l, )0*25 (Dlt) 0.75 

where 

1,, is the second moment of area of the web per unit length, t3/ 12, 

s 1, is the second moment of area of the steel beam about its minor axis, 

ex is the torsional index of the steel section, 

eD is the overall depth of the steel section. 

The critical buckling length L, is found as: 

Lcr = 3.74(4, ) 
0.25 (Dlt) 0.75 (2.12) 

However, the calculated critical length L, is chosen either as L,, or Li.. the dis- 

tance from the support to the next lateral restraint to the bottom flange, whichever 

is less. 
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Like the SCI method, the EC4 method is also an approximate energy based 
method to give the elastic critical moment. It originated in work conducted in the 
University of Bochum [51,52]. The method is more versatile and its applicability is 

wider: it takes account of the transverse flexibility of the concrete slab, and includes 
provisions for steel I-sections that are asymmetric or partially encased in concrete. 
No assumption is made for the longitudinal compression force in the bottom flange, 

and the moment M,, on the composite section is replaced by equivalent internal 
forces and moments determined by the elastic theory, considering the composite 
interaction. 

The elastic critical moment is given by 

Mcr = 

where 

*L is the distance between points at which the bottom flange of the beam is 

restrained, 

e If, is the minor-axis second moment of area of the bottom flange, 

e k, is a property of the cross-section, different for symmetric and asymmetric 

sections, 

e C4 is a property of the distribution of bending moment, based on the finite- 

element analysis, 

9 ko is the transverse stiffness of a U-frame. 

The EC4 method takes account of U-frame action provided by the slab/deck via 

the webs. For a slab/deck multi-beam system, the stiffness ko is expressed in terms 

of the web stiffness and the slab stiffness, regarding the potential benefit of U-frame 

action in stabilizing the unstiffened and unbraced beams. 

Then it is assumed in the EC4 method that the relationship between true ulti- 

mate strength and elastical critical load will be the same for the distortional buckling 

of composite beams as it is for the traditional form of the lateral buckling for I-section 

steel beams. To be consistent with Eurocode 3 [10) in dealing with lateral-torsional 
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buckling of steel beams, the buckling resistance moment is determined by using the 
EC3 [10] design curves, regarding the compactness of the cross-sections. 

Unfortunately, all the design methods mentioned so far or used in practice are 
only applicable for composite beams, built up of unstiffed steel beams, which are only 
provided with vertical stiffeners and lateral bracings at the supports. For composite 
beams with vertical stiffeners along the beam length, lateral and torsional restraints 
from the slab to the compression flange are greatly enhanced, due to discrete inverted 
U-frame action. Further comments are given in the later sections regarding this U- 
frame action. 

Experimental work on distortional lateral buckling of continuous composite beams 
is very limited, possibly because of its cost. Three twin I-section steel beams coupled 
by connecting beams and pre-cast reinforced concrete slabs were tested by Nakamura 

and Wakabayashi [53]. However, in the tests, the pre-cast slab units were discontin- 

uous longitudinally along the beams, and therefore the reinforced concrete slab did 

not contribute any additional strength to the composite cross-section apart from re- 

straining the top flange laterally and torsionally. The test specimens were essentially 
inverted U-frames. Although the slab was quite flexible, the lateral displacement 

and twist of the top flange of the specimens was very small. The maximum strength 

was 8% higher than the plastic moment of resistance for the bare steel beam un- 
der linear moment gradient, but when the bottom flange was subject to uniform 

compression under uniform hogging bending moment, the maximum strength was 

about 7% lower than the plastic moment. It was concluded that the bracing effect 

by the reinforced concrete slabs was sufficient large so that the maximum moment 

resistance of the beam could be beyond the full-plastic moment of a steel section 

under moment gradient. However, the specimens are for only one web slenderness 

(d/t = 200/6), and the composite action (in bending) due to friction at the bolts 

used to fix the slab is also not taken into account. 

An experimental investigation to the distortional lateral buckling of continuous 

composite beams was conducted by Johnson and Fan [54]. The relevant test models 

are three double cantilevers namely U1, U2 and U3 to simulate the hogging regions 

of continuous composite beams. Specimen UI is a composite T-beam, on which 

tests in elastic range had been carried out, so that torsional restraint to its bottom 
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Range from the already cracked slab would be less stiff than continuous U-frame 

action. Specimens U2 and U3 are two double cantilevers, with twin beams coupled 
by the concrete slab, forming inverted U-frame sections. All the cross-sections were 
near the boundary between Class 2 and Class 3 to draft EC4 [1]. The ultimate 
strength of each of the four beams in specimens U2 and U3 was found to be governed 
by a complex interaction between local and distortional lateral buckling, strongly 
influenced by initial imperfections. 

The tests provide spot checks on, and confirm, the predictions of various design 

methods, at the interface between class 2 and class 3 cross sections. Compared with 
the other design methods, the EC4 method is the most versatile, while the method 
based on the Bridge Code [2] is much too conservative. 

The tests further suggested the finding by Weston and Nethercot [44] that in 

compact or near compact composite beams, the dominant mode of failure be more 
likely to be inelastic local buckling adjacent to internal supports. 

Two full scale tests on composite bridge girders were carried out in Bochum 

University [551. The specimens represented a multi-beam composite bridge deck, 

with rolled universal beams of class 3 cross sections to draft EC4 [1]. The specimens 

were supported at the midspan and loaded at the ends of cantilever extensions to 

simulate the hogging moment region of continuous beams. In both tests, the ulti- 

mate load was determined by local buckling of the web above the midspan support. 

Though the cross sections are Class 3 to draft EC4, a typical Class 2 behaviour 

was observed in the beam tests, and the plastic moments (hogging) were reached. 

These results claim that the classification system of EC4 is conservative especially 

for Class 3 cross sections, and further confirm that local buckling is more likely to 

be the dominant mode of failure for composite beams even with Class 3 rolled cross 

sections. 

2.3.2 Bracing for composite. beams 

In practice, a main beam is often braced to ensure that the member reaches its 

full cross-sectional plastic moment capacity Mp. In terms of structural members, 

bracing consists of additional members that are attached to main beams, to restrain 

the lateral movement. 
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The research of bracing systems for steel I-section beams has been well docu- 
mented [56]. Taylor and Ojalvo [571 studied torsionally braced beams using numer- 
ical integration for three different loading cases. They found that with continuous 
torsional restraint, the critical load on a beam increases with the stiffness of the tor- 
sional restraint, while with a point torsional restraint, the critical load is limited by 
the two half-wave solution of lateral buckling. Nethercot (58] analysed laterally or 
torsionally restrained beams by the finite element method for three loading cases at 
three load levels. Mutton and Trahair [59] dealt in an approximate manner with lat- 

erally and torsionally braced beams for both uniform moment and concentrated load 

at midspan. The minimum value of restraint stiffness required to cause a column or 
a beam to buckle in its second mode was obtained. 

Bracing strength was evaluated by Medland [601 for columns with variable num- 
bers of bays and braces. It was found that bracing strength requirements varied 
linearly with initial deflexion magnitude. Wakaybashi and Nakamura [53] tested a 

series of unbraced beams and beams braced by purlins or sub-beams under differ- 

ent moment gradients. The tests conducted by Wang-chung and Kitipornchai [611 

confirmed that a lateral brace placed at the shear center was effective as torsional 

bracing. Wang and Nethercot [62) investigated the interrelationship between bracing 

stiffness, bracing force and ultimate load of the braced members by using the finite 

element method. The numerical results confirmed the linear relationship between 

strength requirement and the magnitude of initial deflexion in the main members. 

However, it is always assumed that the bracing is equally spaced, and less at- 

tention has been paid for continuous composite beams, where cross bracing at the 

sections close to the internal supports, but not elsewhere, might effectively improve 

lateral stability of the beams. 

More recently, Stanway et al [63] studied the behaviour of an initially imper- 

fect column with an intermediate elastic restraint at any position, using critical 

buckling and non-Iiiaear elasto-plastic finite element analysis. They found that re- 

straint forces and required restraint stiffness vary greatly according to span ratio. 

A tentative design method was proposed [64] for the restraint requirements and 

the column strength. Further research will be needed before it could be applied 

to multi-restrained columns. The methodology used might be helpful to study a 
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braced beam problem, in which the member subjects to bending other than axial 
compression, however the weakness of the method is still that only uniform axial 
compressive load is considered. 

2.3.3 U-frame action in stabilizing composite beams 

The use of V frames in plate girders as a means of stabilizing laterally the compres- 
sion flanges of the main girders originates from 'half-through' type railway bridges. 
U-frame action was first introduced in a revision of the old Bridge Code (BS153) 
[65] in 1956, mainly for the design of 'half-through' type bridges. 

The new Bridge Code (BS5400) [2] followed the similar U-frame approach adopted 
in BS153. The stiffness of U-frames comprising the cross members and the vertical 
stiffened webs in the main girders is identical to that in the old Bridge Code, but 

it takes account of the connections between the main and cross girders. However, 

regarding the strength of the U-frame, BS5400 adopts an expression of lateral U- 

frame force based on a laterally restrained Euler strut with initial bow, while in 

BS153, this transverse U-frame force is taken a value equal to 1.25% of the force in 

the flange. 

Design for lateral torsional buckling of U-frame beams in BS5400 Part 3 is by 

determining the effective length for the partially restrained flanges (eg. restrained 

by U-frames). In deriving the expression for the effective length 1,, it is assumed 

that the compression flange is subject to a uniform axial force, with partial lateral 

U-frame restraints uniformly distributed along the axial length. Apparently, the 

Bridge Code assumes that the effective length obtained from buckling analysis of 

the bottom flange, is also valid for the whole beam. The method is known to be very 

conservative. The departure between reality and the code results is largely affected 

by the way that the effective length is calculated. A comprehensive discussion is 

given by Johnson [66]. 

Besides, it is important to note that Fig. 10 in BS5400: Part3 [2], was derived 

for plain steel beams only, unrestrained against lateral torsional buckling. It is 

not suitable for composite beams with U-frame action, because the top flange is 

laterally restrained by the stiff concrete slab, and the overall buckling occurs in a 

web distortional mode provided that there are no failures in the U-frame connection. 
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The design value for the strength of all U-frames within the span L is assumed 
to be the same, according to clause 9.12.2.2 of BS5400. This is rather conservativel 
because the lateral restraint force is only reached where the lateral deflection is 

maximum. For simply supported 'half-through' type bridge girders, the maximum 
lateral deflection occurs at the mid length of 1, and the lateral force decreases for 
U-frames away from this position. Beams with discrete U-frame action were studied 
by Chwalla in 1959 [67]. He developed a matrix method, taking account of the 

moment distribution over the whole span in calculating the limiting buckling load 

of the compression flange. In his study, the U-frames along the entire span were 
replaced by springs, which provided an equivalent lateral restraint to the flange. 

To assess the error made by assuming the lateral restraint force constant over the 
beam length, Van de Pitte [681 app lied Chwalla's method to a simply supported 
'half- t hrough'- type bridge girder under uniformly distributed load and found that 

the lateral force dropped by 50% at a distance of 0.16 L away from midspan, where 
M/Mmax= 0.88. 

However, in continuous composite beams, the axial compression force decreases 

very rapidly away from the internal support region due to a high moment gradient, 

and inverted U-frames, as a variant U-frame form, comprise the decking slab, the 

either stiffened, or unstiffened web, and the connection between the slab and the 

steel top flange. Therefore, the assumptions adopted in BS5400 are no longer valid 

for continuous composite beams with U-frame action. 

Coupled behaviour of overall and local buckling of welded U-shaped beams sub- 

ject to uniform bending was studied by Fukumoto and Kubo [691. In the experimen- 

tal studies diaphragms were provided at six cross sections equally spaced along the 

beam length in the UD series of specimens to prevent an excessive drop in bending 

strength due to cross-sectional distortion. Another three specimens known as the 

UK series were tested to investigate the effect of a knee brace, placed at the midspan 

of the beams. It was then found that the overall buckling strength was primarily 

affected by ratio of the span length to the spacing of the webs. Overall buckling may 

arise with a low buckling stress in the elastic range in a long span beam. The web 

distortions were greatly decreased for the stiffened beams by diaphragms, and there- 

fore, for beams with rather close vertical web stiffeners, the influence of distortion 
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of the cross sections on the overall buckling may be negligible. 
The effect of web stiffeners on buckling strength was also studied by Albert 

and Dawe [701, using a finite element technique. Only those beams with lateral 

and rotational top restraint are relevant to the composite beams. They found that 
typically, the behaviour of short unstiffened girders is governed by vertical web 
buckling (local buckling), while that of long girders is controlled by lateral flange 
buckling, and distortional buckling prevails in the intermediate range. Actually, the 
addition of web stiffeners significantly increases the buckling strength of short spans 
by limiting the extent of web buckling. 

The design of composite beams with inverted U-frame action could be simplified 
by eliminating bracings in hogging bending regions. U-frame action is used as a 
means of stabilizing laterally the compression flanges of the main girders. Continu- 

ous U-frame restraint is provided to the compression flange by the slab and the web 
for unstiffened plate girders. Discrete restraint is provided to the compression flange 

by intermediate vertical stiffeners which act as a part of discrete inverted U-frames. 

However, for discrete U-frames, concentrated moments act on the shear connections 

above the stiffeners, so that reliance needs to be placed upon the rigidity and the 

strength of the slab to top flange connections via the shear studs. 
The typical arrangement of inverted U-frames is shown in Fig. 2-5. 

Johnson and Fan [54] investigated inverted U-frame action in hogging regions of 

composite beams. Two inverted U-frame double cantilevers known as specimen U2 

and U3, were tested , as mentioned in the previous section. It was demonstrated 

in these tests that continuous U-frame type restraint by the slab and the web is 

sufficient to allow the plastic moment to be achieved for specimens U2 and U3, 

which are on the borderline of the compact/ non- compact (or Class 2/Class 3) cross 

section classification to draft EC4 [1]. It was also found that failure moments of 

specimens U2 and U3 exceeded the predictions of the BS5400 method, for a Class 

2 cross section, by well over 200%, and the EC4 method [11, by 23-33%. 

Discrete inverted U-frame action exists in composite beams with intermittent 

vertical web stiffeners in the hogging bending region near the internal supports. 

The design method in BS5400: Part 3 for discrete U-frame action gives values for 

the transverse flexibility of a number of standard structural steel connections which 
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are used in the calculation of the effective buckling length and the lateral deflection 

of the bottom flange. To obtain similar values for steel-concrete joints, Johnson and 
Molenstra [71] studied the effectiveness of discrete U-frame action in a composite 
configuration. Tests were carried out to scale 1: 1 on six flange-slab connections with 
different stud configurations. 

All test specimens failed either in shear or by pulling out of the studs, and a 
truss analogy model was used to predict the shear failures. The transverse elastic 
flexibilities of the joints, which are much higher than the values suggested in the 
Bridge Code (BS5400: Part 3), represent only the behaviour of the similar joints in 

a complete structure. However all specimens were in one size of steel flange and a 
fixed flange length(600 mm), so that a general design method cannot be deduced 

from these results along. Besides, it is more likely that the failure of the joints will 
be influenced by the steel flange if the steel top flange is weak in torsional rigidity. 

Jeffers studied [72] U-frame restraint against instability of steel beams in bridges. 

The difficulties in design practice relating the provisions of U-frame action in BS5400: 

Part 3 were identified. The limited use of U-frame restraint by designers and contrac- 

tors more likely reflects the uncertainty of knowledge and proper guidance in design 

practice. Attention has been drawn to the recent research work relating to U-frame 

action, by Travers Morgan [73]. However, the work is only related to steel U-frames, 

and the basic problems of strength and stiffness which comprise U-frame action for 

composite beams have not been tackled, and it is still assumed that U-frame force 

is constant in the compression flange of the beams, so that no substantial progress 

has been made regarding discrete inverted U-frame action. Besides, it is vague for 

one to interpret the U-frame restraint forces based on either effective intermediate 

discrete lateral restraints, or rigid lateral restraints. 

2.3.4 Design to distortional lateral buckling of beams with 

discrete U-frame action 

The only design method relevant to distortional lateral buckling of composite beams 

with discrete U-frame action is BS5400. For composite beams with intermediate ver- 

tical web stiffeners, the 'discrete U-frame' model of clause 9.6.5 of BS5400 is appro- 

priate. Intermittent restraint is provided to the compression flange by attachment 
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of vertical stiffeners connected to the main girder (Fig. 2.5). The sections where the 
intermittent restraints occur are considered as discrete and stiff U-frames at spacing 
Lu. 

The design formulae for stiffness and strength of U-frames and inverted U-frames 
in accordance with BS5400: Part 3 are as follows: 

Stiffness of U-frarnes and the effective length: In order to calculate the 
effective length, 1, of the compression flange, the flange is treated as a strut 
with continuous elastic support from U-frames and with the ends restrained 
in position by somewhat stiffer end frames. The intermediate restraint to 
the compression flange is provided by U-frames in accordance with clause 
9.12.2(strength requirement), the effective length 1, should be taken as: 

le = 2.5k3(EIL,, 6)0.25 

where 

(2.14) 

- k3is a coefficient related to the support condition, and may conservatively 

be taken as 1.0, but a lower value is also suggested when the compression 
flange is restrained against rotation in plan at the supports, 

-E is Young's modulus of the steel section, 

- 1, is the second moment of area of the compression flange about its cen- 

troidal axis parallel to the web of the beam at the point of maximum 
bending moment, 

- L.,, is the distance between U-frames, 

-6 is the lateral deflection per unit horizontal force at the level of the 

centroid of the compression flange per U-frame. In the cases of symmet- 

rical U-frames, where cross members and verticals are each of constant 

moment of inertia throughout their own length, it is expressed by 

d3 1 
3EI, 

uBa'22 + fd 2 

EI2 2 (2.15) 

where 
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- I, is the second moment of area of the effective section of the vertical 
about its axis of bending, 

- 12 is the second moment of area of the cross member of the U-frame about 
an axis perpendicular to the plane of the U-frame, 

-u is 0.5 for an outer beam, or 0.33 for an inner beam, 

- fr is the flexibility of the joint between the cross member and the verticals 
of the U-frame. 

The strength of U-frames: According to clause 9.12.2.2 of BS5400: part 3. 

each U-frame has to be designed to carry a transverse force F.,, per U-frame, 
in addition to transverse force due to wind load. The design value of F', for 

the strength of all U-frames within 1, is given by: 

F,, 
le 

(2.16) 
6676 

and 
Fu 

EI, 
16.7L2 u 07cr/gf, 

9cr is non distortional elastic critical stress of the bottom flange, 

af c is the maximum compressive stress in the bottom flange. 

However, the assumptions adopted in deriving eq. 2.16 and eq. 2.17 are no longer 

valid for continuous composite beams with intermediate vertical stiffeners acting as 

inverted U-frames. In continuous composite beams with U-frame action, the factor 

11(u,, 1o, f, - I)defined in the equations reaches its peak value at the internal support 

section but decreases very rapidly away from the support due to the high moment 

gradient. The value of this factor is also conservative as only distortional buckling 

can occur in these types of beams, and the Bridge Code does not provide expressions 

for elastic critical distortional buckling stresses nor does it provide data from lateral 

distortional buckling tests. 

27 



fr 

000 

Nejv 
--I Initial P. A. 

20 ts 

neglect s 

ocd 2 ((xd -40 tw 

tw 20 t F- 

P. N. A. --- Plastic Neutral Axis f 

f 

tension 

coTpression 

Figure 2.1: Use of an effective web in Class 2 for a Class 3 web in hogging bending 

M9 

A& 
p 

M 

-0 ý 

0 

op 

Figure 2.2: Moment-rotation curves for cross-sections of different classes 

28 

Oa/Op 



bf 

----1 0- 

tw 
----- -MD. 

D 

f (bot) 

am 

180 

160 

140 

120 

100 

80 

60 

40 

20 

A 

Figure 2.3: Notation and lateral buckling mode 

0 

o, tests by Weston 
* tests by Johnson 

eq. 2.5 (d/t = 100) 

0 

eq. 2.5 (d/t = 40) 

0 
eq. 2.3 (d/t = 100) 

-------- ----------------- -------------------------------------- 

eq. 2.3_(d/t = 40) 
---------------- 

0 50 100 150 200 250 300 

L/ b f(bot) 

Figure 2.4: Comparison of the two design methods 

350 

29 



Figure 2.5: A composite inverted U-frame cross section 
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Chapter 3 

Inelastic local buckling tests and 

computer simulations 

3.1 Introduction 

When a continuous composite beam is loaded, a redistribution of moment occurs in 

relation to the moment distribution expected from elastic analysis. The amount of 

moment redistribution is closely related to the rotation capacity of the beam in both 
hogging and sagging regions. When lateral-torsional buckling is not a controlling 
factor, the ultimate carrying capacity of the beam is influenced by initiation of local 

buckling at critical cross-sections in the hogging regions near the internal supports. 
To assess the amount of moment redistribution in Class 2 composite beams, a 

non-linear computer program SCC has been developed to simulate the behaviour 

of hogging regions of a continuous composite beam before and after local buckling. 

Realistic material properties and inelastic moment - curvature (M - (D) curves are 

used and test data from steel and composite cantilevers with local buckling, are 

introduced to modify the M- (D curves for hogging bending. 

It is assumed that complete shear connection is provided and the bottom flange 

of the beams is free of lateral- torsional buckling. 

The objective was to evaluate the rotation capacity related to hogging regions 

of Class 2 composite beams based on relevant reported test results [34,74,75]. As 

a result7 the hogging region of a continuous beam is modelled by moment- curvature 

characteristic at the critical section, modified by curvature ratio parameters K1, K2 

and K3, which are determined and subsequently applied in the non-linear analysis 

of a continuous composite beam, as explained in the next chapter. 
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3.2 Local buckling and rotation capacity 

3.2.1 Moment rotation characteristic 
Depending on the level of stress when local buckling occurs, cross-sections of com- 
posite beams are identified as four classes. In design, local buckling is allowed for 
by limiting the width-to-thickness ratios of the flange and web [1,9]. 

For a beam with Class 2 cross section(or Class 2 beam) local buckling occurs 
when the bending moment is beyond plasticity at the critical cross-section. Fig. 3.1 
illustrates a typical moment/rotation curve for a Class 2 beam. The amount of 
plastic rotation allowed for Class 2 beams is defined as rotation capacity, R as 

R=0,, /Op -1 (3.1) 

where 0, is the range of plastic rotation before the moment falls below the plastic 

resistance Mp, owing to local buckling and Op is the hypothetical elastic rotation at 
the fully plastic moment that would be achieved. 

Obviously, rotation capacity R varies with the expected plastic moment of re- 

sistance. The subsequently reported rotation capacity R is related to the hogging 

plastic moment of resistance Mp, which is calculated using rectangular stress blocks 

[1], with all -y factors = 1, as shown in Fig. 3.2 

The moment-rotation relationship of the critical section in hogging regions of a 

composite beam can be either obtained from tests or by integration of the moment- 

curvature functions for hogging bending. 

3.2.2 Modelling of local buckling 

Fig. 3.3 shows a composite cantilever of length L, subject to a point load P at the free 

tip. Tests on composite cantilevers give curves of end slope Ot due to the increasing 

point load P. Specimens are usually double cantilevers, with vertical stiffeners at 

the support (x = 0). Local buckling usually occurs at a location close to the support., 

with a buckling half-wavelength of about h/2, where h is the overall depth of the 

steel section. 

It is assumed that in the following model, all of the inelastic rotation due to 
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buckling occurs at the section x= h/4. It is also at this section that the limiting 
bending resistance, M., is assumed to be reached. 

For a Class 2 section, local buckling does not occur at a hogging bending mo- 
ment below M.. It has been found [54] that elastic analysis based on the "cracked 

reinforced" section (stiffness El,, ) gives an accurate prediction of the end slope of a 
cantilever at the yield moment, M. (residual stress excluded). Therefore, the total 

end rotation Ot of a cantilever is written as 

Ot = Oi + PL 2 /2EI,, 
c 

(3.2) 

where the first term oi is the inelastic rotation due to the yielding and buckling 

and the second item is the elastic end rotation. 
The inelastic rotation Oj is assumed to result from an inelastic curvature 0i due 

to yielding and buckling, constant over a length h/2 adjacent to the support. By 

integration of the curvatures along the beam length, the total end rotation is by 

ot =f 4ý (x) dx (3-3) 
00 0 

and 
Oi = (Dih/2 (3.4) 

Determination of the hogging moment curvature relationship of a composite 

section is similar to that described in [33], using a bi-linear stress-strain curve for 

reinforcement, a trilinear curve for structural steel with strain hardening (at modulus 

E/33) commencing at a strain of 8e., where c. is the yield strain, and limited by 

the stress in the steel reaching 1.3 fy as shown in Fig. 3.4. 

Fig. 3.5 shows the moment- curvature curve at the critical section of a Class 2 

beam. The effect of inelastic local buckling is included in the moment - curvature 

characteristic by two curvature ratios K1 and K2 as follows. 

Let the computed moment- curvature be OAB (Fig. 3.5), where 

Ope 
- 

MP 

E-I, r 
(3 

- 5) 

Because of yielding and buckling, the portion AB is replaced by ACD. defined 

by K, and K2, which are multiples of ýýp,, to be determined. The plastic ductility 
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of a cross-section before and after local buckling is quantified by the ratios K, and 
K2. The value of K3 is 'Oi/40p, when P(L, - h/4) = Mp, and is calculated from 
the computed moment- curvature curve, where Oi is the inelastic curvature given in 
eq. (3.4). 

Tests on composite beams usually give moment-rotation curves, or the rotation 
capacity R, to quantify their plastic ductility. In the moment- curvature curve of the 
buckling model (Fig. 3.5), the ratio K, is defined by 

Kl= (Di/4bpe (3-6) 

and it can be calculated from the rotation capacity R as follows. 
For a cantilever subject to a point load at the free tip(Fig. 3.3), the maximum 

elastic curvature (Ppe is related to the elastic slope Ope 
at the tip by 

4)pc = 20pelLc (3.7) 

where Ope is the hypothetical elastic slope at the full plastic moment Mp, the ratio 

of Oi/(Dj is given in equation 3.4. Therefore K, is related to R by 

Ki = (3-8) 

This formula is used in the subsequent work to calculate K, from R, which can 
be found in the relevant reported test results. 

3.2.3 Choices of cantilever tests 

The test data required are curves (P-0t) for composite cantilevers as shown in Fig. 3.3. 

Tests usually continue until local buckling has caused the maximum bending moment 

at the supports to fall below 0.8Mp. The cross sections of the specimens are compact., 

so that the stress level in the critical sections are beyond yielding when the beams 

fail. The only results found so far are composite double cantilevers HB40 and HB41. 

tested by Climenhaga and Johnson [34]. They found that since buckling occurred 

only near the edge of the member remote from the concrete slab, the effect of the 

slab reinforcement could be simulated by attaching a steel plate to the top flange of 

a rolled I-section. Four of their tests of this type, SB2,3,8 and 9 are relevant here. 
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For each of the specimens, two slopes were reported [23]. They correspond to 
two individual cantilevers each side of the support. In the tests, local buckling was 
found to occur in one side only near the support of the double cantilevers, whenever 
moment rotation curves are reported for both ends in a double cantilever test, the 

greater of the two is used. Table 3.1 gives the relevant parameters of these beams. 
The notation for the cross sections is illustrated in Fig. 3.6. The slabs were 105 

mm in depth. In Table 3.11 A,, and Ar2are the area of top and bottom reinforcement 
at positions 25 mrn and 80 mm from the top of the slab. ff I, is the measured yield 
stress for the steel Range which is slightly lower than the mean value of the strengths 
of the web and flange, adopted in [341 

Local buckling was also found in tests on 43 simply- supported steel beams under 

centre load reported by Kuhlmann [751, Lukey [74] and Kemp [76]. These steel 
beams can be considered as inverted double cantilevers with Ar=Oj and a=0.5. The 

relevant parameters of these test specimens are summarized in Tables 3.2,3.3 and 

3.4. 

For a simply supported beam, the cross-section with the maximum lateral dis- 

placement is subjected to the maximum bending moment, whereas in a cantilever, 

the cross-section with the maximum lateral displacement (i. e. at the tip) is subjected 

to the minimum bending moment. However, when lateral buckling of the bottom 

flange is excluded, the effect on the rotation capacity by this difference is minimized. 

In the tests by Kuhlmann [751 and Lukey [741, lateral displacements and twist out 

of the vertical plane of the beams were prevented at midspan and at the supports. 

3.2.4 Classification and combined slenderness A, 

Rotation capacity R here is relevant to local buckling, and so depends on the slender- 

nesses of the steel web and compression (bottom) flange. The limitations of slender- 

ness for flange and web are prescribed independently of each other in specifications 

of various codes [9,1]. Obviously, flange is restrained by web and, vice versa, the 

web is restrained by flanges, and therefore an independent slenderness is not reason- 

able in assessment of the rotation capacity. However, theoretical and experimental 

backgrounds for their interaction are not necessarily clear. 

In Eurocodes 3 and 4 [77,1], the web slenderness relevant to a Class 2 section, 
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is defined as 

Aw = ad/wc 

where 

* ad is the depth of web in compression (Fig. 3.6). 

ew is the thickness of web. 

ý235/fy is the material correction factor. 

e f, is the yield strength of the steel in N/mm' units. 

(3-9) 

For Class 2 webs, the slenderness limits given in the Eurocodes [77,1] reduce as 

a increases as 

for a=0.5,36 < ad/wc < 41.2 

and 
for 33 < adlwc < 38 

On the other hand, slenderness of welded flanges differs from that of rolled flanges 

in the Eurocodes. For welded flanges, the slenderness Af is by 

Af = elte 

and for rolled flanges, the Eurocodes use 

Af = bf /tc 

9c is the flange outstand for welded cross-sections (Fig. 3.6). 

* bf is the breadth of the flanges. 

et is the thickness of the Ranges 

(3.10) 

(3.11) 

In the subsequent work (for simplicity), the outstand. c is assumed to be 0.45bf. 

so that the express-ion c1tc (equation 3.10) can be used for all flanges. 
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For Class 2 flanges, the slenderness limits given in the Eurocodes are 

< c1tc < 10 

Fig. 3.7 shows the flange and web slendernesses of the relevant cross-sections of 
the 49 beams used in determination of K1. The boundaries of Classes of cross 
sections are also shown. 

In a study of local buckling in steel beams [75], Kuhlmann found that the rotation 
capacity, R depends mainly on the slenderness of the compression flange, but also 

on two other variables; the moment gradient and the slenderness of the web. 
For a given member, R decreases as the beam length L, increases. This effect 

has little influence on K1, because of the factor L, in equation 3.8. 

The influence from the web, was also studied. The relevant parameter was taken 
[75] as a stiffness based on the web acting as a torsional restraint for the flange. 

Almost all of the 43 webs for steel beams used to determine K, were in Class I 

(plastic) according to the classification of draft Eurocodes 3 and 4, so that the webs 

restrained local buckling of the flanges. However, in composite beams, the Class of 

a section is usually governed by the web, not the flange, and the conventional web 

slenderness, A,, (ad/we) is more relevant, so is used hereafter. 

To find expressions for K, and K2, as functions of slendernesses of both the 

compression flange and the steel web, a combined slenderness A, is defined, which is 

the geometric mean of the web and flange slendernesses, weighted according to the 

relative areas of the web (A,, ) and the compression (Af): 

Ac ad 3A.,, 3Af )] 
1/2 

we A te A 

where A ie the area of the steel cross section. 

(3.12) 
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3.3 Simulation of inelastic local buckling of com- 

posite cantilevers 

3.3.1 Computer simulation of inelastic local buckling for 

cantilevers 
For continuous composite beams, local buckling normally occurs at the hogging 

regions near the internal supports with a half-wavelength of about h/2 (h is the 

overall depth of the steel section). As most test data are related to the moment 

rotation curves of composite cantilevers, a computer program SCC was developed 

to simulate the local buckling characteristic of Class 2 composite cantilevers. 
The realistic moment- curvature relationships of composite cross-sections are cal- 

culated based on the following assumptions: 

1. Plane sections remain plane. 

2. No slip occurs at the steel-concrete interface. 

3. Materials obey the simplified constitutive stress-strain curves given in Fig. 3.4. 

4. In hogging bending, concrete is assumed to be fully cracked and tension stiff- 

ening is ignored. 

The procedures for determining the hogging moment - curvature relationship are 

similar to those described in [15]. An initial curvature 4ý is assumed, then the 

strains c throughout the cross-section can be calculated with a trial position for 

the neutral axis. The longitudinal stress o-, at any position in the steel section and 

the longitudinal stress a, in the reinforcement can be obtained from the material 

stress- strain curves corresponding to strain distribution. The neutral axis position 

is iterated until axial equilibrium is reached (for pure bending). Then the moment is 

calculated by integration of stress over the cross section. By increment of curvature 

(D, a full set of hogging moment -curvature curves is obtained. 

The moment- curvature curve is modified with K, and K2, including the effect 

of local buckling, as shown in Fig. 3.5. The curve is divided into three pieces corre- 

sponding to three stages, described as follows; 
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1. Pre-plastic stage: the inelastic moment- curvature curve OAB (Fig. 3.5) for the 
cracked section in the cantilever and the values of Mp andOpe are found as 
explained in the previous sections. End rotations are found by intergration of 
these curvatures for end loads P up to a limit given by 

Pp = MII(L, - h/4) (3.13) 

When the load reaches P 
,,, 

the curvatures along length OF of the cantilever 
(Fig. 3.3) correspond to those along curve GF in Fig. 3.5, because the maximum 
bending moment at the support exceeds Mp (as it always does in tests on Class 

2 sections). 

2. Plastic buckling stage: this is assumed to occur at constant Pp(piece AC in 

Fig. 3.5), and causes an additional inelastic rotation, concentrated at point 
x= h/4, given by 

Oi2= (Ki -K3)4bpeh/2 (3.14) 

3. Post-buckling stage: the load is assumed to fall from Pp to a value pPp, where 

0.8 <p <1.0. This has two effects. One is elastic rotation recovery along the 

whole of length L, causing a change in end rotation given by 

Oc3 p)PpL 
2 /Elr 
c 

(3-15) 

The other is the inelastic curvature along the length OF (Fig. 3.3), causing an 

additional inelastic rotation 

Oi3= 5(l - p)(K2 - Ki + 0.2)0p, h/2 (3.16) 

Curvature line CD in Fig-3.5 corresponds to this post-buckling stage. The 

effect of elastic rotation recovery corresponds to the curvature line CH. When 

the load P drops to 0.8 Pp, the value Of Oi3 corresponds to curvature DH 

(Fig. 3.5) along length h/2, where Pp is the value of the load when the maximum 

moment at the support equals to M.. 
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3.3.2 Determination of K, and K2 

Determination of K, is based on test data of 49 steel and composite cantilevers. 
Table 3.1 gives the relevant parameters of the six composite double cantilevers [23]. 
The relevant parameters of the other 43 steel simply- supported beams [75,74,76] 

are given in Tables 3.2,3.3 and 3.4. 
For specimens reported in [75], [74] and [76], K, is calculated from the reported 

rotation capacity R, using equation 3.8. For specimens reported in [34], If, is 

calculated by trial and error to trace the reported moment rotation curves, following 

the three stages as described in the previous section. 
Fig. 3.8 illustrates computed and observed moment-rotation curves for the can- 

tilevers tested by Climenhaga [23]. The solid lines are for the computer simulation, 

and the dashed lines are from the test results. There are two reported moment 

rotation curves for both ends in a double cantilever test, but only the one with a 

greater rotation has has been used. 

The calculated values of A, are plotted against K, in Fig. 3.9 to enable an ex- 

pression for K, to be deduced. The mean line found by a regression of K, on the 

combined slenderness Ac is also shown and the characteristic (57o fractile) line (the 

lower solid line) is 

K, = 134 - 7.29Ac (3.17) 

The value of K2 is also based on tests. Trial and error calculation has been carried 

out, based on the test specimens where a sufficient length of the falling branch of 

M-0 curves has been reported. Relevant results are from double cantilever tests 

reported by Climenhaga [231. Computed moment rotation curves are compared with 

the moment rotation curves from the tests (Fig-3.8). It was concluded that K2 could 

safely be taken as 3.11V1, or 

K2= 415 - 22.5A, (3.18) 

These two expressions for Ki and K2 are used in the subsequent analysis of the 

two span continuous composite beams. 
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3.3.3 Scope and validation of the computer program: SCC 

A computer program (SCC) was written to simulate moment rotation behaviour of 

a composite cantilever with Class 2 (or 1) cross section. 
Elasto-plastic moment curvature curves are calculated, following realistic stress- 

strain relationships. The effect of residual stresses is included. 

The input includes dimensions of the cross section, the beam length, the yield 

stresses of the steel and reinforcement, and the relevant parameter of residual stress. 
K, and K2 are required to be input to give the modified moment rotation curves, 

affected by local buckling. 

The output is a full length of moment rotation curve of the cantilever. 
All input and output are in N, mm, radian units. 

3.4 Summary 

The moment rotation behaviour of hogging regions of a continuous composite beam 

is modelled by a composite cantilever, using the realistic inelastic moment- curvature 

(M - 0) curves. 
The moment- curvature characteristic at the critical section is modified by cur- 

vature ratio parameters K1, K2 and K3, based on the test data from steel and 

composite cantilevers, with local buckling. 

A combined slenderness A, is defined, leading to expressions for K, and K2. 

Trial and error computer simulations are used to trace the reported full length of 

the moment rotation curves. 

The characteristic values of K, and K2 based on regressions of test results are 

found in terms of the combined slenderness A, and are subsequently used in the 

parametrical studies of the Class 2 continuous composite beams. 
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Table 3.1: Detail-, of comno-qitp r2, nf. ilpvpr. q 
specimen bf 

mm 
tf 

mm 
hw 

mm 
tw 

mm 
A�, 

N/MM2 

Ar2 
N/Mrn2 

ff 
Y 

N/MM2 
L 

MM 

SB2 134.9 8.2 184.9 6'. 1 486 486 315 1880 
SB3 134.2 9.5 184.9 6.1 552 552 293 1880 
SB8 134.9 8.2 184.9 6.1 486 486 315 1270 
SB9 134.2 9.5 184.9 6.1 552 552 293 1270 

HB40 134.2 9.5 184.9 6.1 784 428 293 1270 
HB41 101.5 6.7 241.2 5.9 495 63 323 1270 

Table 3.2: Details Of SDecimens 
specimen bf 

mm 
tf 

mm 
h, 

-, 
mm 

tw 
mm 

ff y 
N/mm' 

fwy 
N/mm 2 

L 
MM 

R 

, A-1 203.5 10.8 228.9 7.7 285 309 1740 11.8 
A-2 170.0 10.8 228.9 7.7 285 309 1473 13.6 
B-1 102.6 5.3 189.6 4.5 373 396 777 2.9 
B-2 73.9 5.3 189.6 4.5 373 396 518 10.4 
B-3 86.1 5.3 189.6 4.5 373 396 627 6.7 
B-4 94.0 5.3 189.6 4.5 373 396 699 3.4 
B-5 96.8 5.3 189.6 4.5 373 396 724 3.2 
C-1 101.9 5.3 239.9 4.6 373 352 686 4.2 
C-2 73.7 5.3 239.9 4.6 373 352 480 13.7 
C-3 85.9 5.3 239.9 4.6 373 352 584 8.0 
C-4 93.5 5.3 239.9 4.6 373 352 648 4.2 
C-5 89.9 5.3 239.9 4.6 373 352 620 6.5 

n"1 I' 

-LaDie 3., ): ijebalib o. L bpuua-uuL, 6 

specimen f 
mm 

tf 
mm 

hw 
mm 

tw 
Mm 

ff Y2 

N/rnm 

fwy 

2 N/rnm 
L 

mm 
R 

9A2 146 9.03 236 6.35 340 358 1830 1.7 
2F4 145 10.57 231 6.82 285 329 1830 5.4 

4S5 149 8.56 235 6.78 340 358 915 11.1 
6S6 140 10.7 7 231 6.76 288 329 915 14.9 

5S7 149 8.44 234 6.78 294 300 915 14.8 

8W9 154 9.83 140 7.44 313 300 1830 8.6 

3FI2 106 7.05 288 5.85 332 388 1830 2.1 
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Table 3.4: Details of sDecimens 
specimen bf 

mm 
tf 

mm 
h,, 

mm 
tw 

mm 
ff 

N/mm' 
fwv 

N/rnm' 
L 

mm 
R 

1 141 8 278 5 236 217 1702 8.0 
2 150 8 278 5 236 217 1852 7.0 
3 160 8.5 277 5.5 449 217 2000 1.0 
4 160 8 261 6 287 260 1270 12.7 
5 160 8 258 5 287 252 1318 8.6 
6 160 8 259 4 287 252 1358 4.6 
7 160 8 280 5 287 252 898 13.5 
8 160 8 280 5 287 252 1098 11.5 
9 160 8 279 5 287 252 1299 7.8 
10 170 8 279 5 236 217 1401 5.5 
11 182 8 278 5.5 236 217 1501 8.9 
12 190 8 278 5.5 236 217 1700 7.6 
13 141 10.2 239.6 5.5 333 709 1500 5.1 
14 150 10 239 5.5 333 709 1600 3.8 
15 160 10.4 237.2 5.5 333 709 1754 3.6 
16 160 10.2 148.6 5.5 333 709 1152 10.5 
17 160 10 200 5.5 333 709 1102 9.5 
18 161 10 2 719 5.5 333 349 1050 6.6 
19 160 10 278 6 333 349 1000 12.0 
20 160 10 279 6 333 349 1201 8.7 
21 160 10 279 6 333 349 1402 7.2 
22 170 10 279 6 333 349 1203 10.0 
23 183 10.3 278.4 6 333 349 1250 6.7 

24 190 10.2 278.6 6 333 349 1350 5.2 
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Chapter 4 

Moment redistribution in Class 2 
0 

con inuous composite beams 

4.1 Introduction 

For continuous composite beams of uniform cross section, economic design can be 

achieved where a quasi-elastic analysis is. used, which is based on an elastic global 
analysis, with redistribution of moments from internal supports to midspan regions. 
When lateral buckling of the bottom flange of the beams is prevented, the amount 
of redistribution that can be allowed is limited by local buckling at critical cross- 

sections. 

In chapter 3, local buckling of the hogging regions of a continuous composite 
beam is modelled by moment curvature characteristics of a cantilever, modified by 

K, and K2, and test based expressions for K, and K2, in terms of a combined 

slenderness A,. 

Draft EC4: Part 1 [1] allows up to 30% redistribution for Class 2 beams at the 

ultimate limit state, when uncracked flexural stiffnesses (EI"') are assumed through- 

out the beam length in the quasi-elastic analysis, and so does BS5950: Part 3 [9]. 

Besides, EC4 also allows 10% moment redistributed from midspan regions to inter- 

nal supports for Class 2 beams, which can be useful when one of the adjacent spans 

carries minimum loading. 

In this chapter, a numerical analysis is carried out to assess the moment re- 
distribution that occurs in Class 2 composite beams in comparison with the limit 

proposed by draft Eurocode 4. The analysis includes effects of non-linear material 

properties, residual stresses and local buckling, but excludes the effects of initial 

imperfections, shrinkage and slip, as well as lateral buckling of the bottom flange, 

so that the scope of the research is limited to the beams with full shear connections 

and free of lateral buckling. Slip will increases rotation capacity R, and so will it 

be benefit to the moment redistribution, but it will also decrease the full plastic 
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moment resistance. Therefore, the results are capable of being used for the beams 
with partial shear connections, when the full plastic moment Mp is replaced by a 
partial plastic moment M'. The effect of partial shear connections on the ultimate P 
moment strength is studied by Molenstra [78] and it is beyond the scope of the 
present research. 

A non-linear computer program MRTSCB was developed to simulate the be- 
havior of two-span continuous composite beams. The program was written by the 

present author, based on program BAULS (described in the Ph. D thesis by C. K. R. 
Fan [15] and [33]). The treatments of compatibility and equilibrium criteria are 
the same as those in program BAULS. Program BAULS is for analysis of Class 3 

continuous composite beams, and local buckling occurs when the maximum hogging 

moment reaches to the yielding moment, so that there are two stages in the whole 

analysis: pre-buckling elastic and post buckling. However, for Class 2 beams, local 

buckling does not occur below the plastic moment at critical sections. The pre- 
buckling plasticity makes the numerical simulation procedures more complex than 

those for Class 3 beams. 

The realistic moment curvature curves are used, with local buckling introduced 

by K, and K2, as described in Fig. 3.5. Most of the work has been described in the 

paper by Johnson and Chen [79]. Instructions for using program MRTSCB (moment 

redistribution in two-span composite beams) are enclosed in Appendix A. 

4.2 Simulation of two-span continuous composite 

beams 

4.2.1 Mathematical model and method of analysis 

For a two-span continuous beam subject to a uniformly distributed loading as shown 

in Fig. 4.1, the bending moment at the internal support is indeterminate. The com- 

puter simulation divided into three stages: pre-plastic, pre-buckling plastic and 

post-buckling. These stages correspond to the stages described for cantilevers. The 

iterative technique is used based on the moment -curvature characteristic, equilib- 

rium and compatibility relevant to the above three stages as follows. 

50 



Pre-plastic stage 

Assume the geometry of the beam and the design load wd, , Wd2 on span L, and L2 

are known. At the pre-plastic stage, the hogging moments along the beam except 
in the internal support region are smaller than Mp. An initial load factor A (lower 

than the expected Ap is guessed, where Ap is load factor at which the hogging plastic 
moment is first reached at location E shown in Fig. 4.1), then all the loads Awdi 

and AWd2 on the beam are known. The moment at the internal support MB is 

guessed(less than Mp), so that the bending moment distribution along the beam is 

cletermined. 
The curvature distribution in the hogging regions of the beam can be calcu- 

lated in accordance with the moment- curvature curve shown as the portion OAB in 
Fig. 3.5. The procedures to determine the sagging moment- curvature characteristics 
are the same as those for the hogging regions, except that reinforcement in the slab 
is ignored and compression in the slab is included. The full set of sagging moment- 

curvature curve is obtained, finding the neutral axis position of the cross section by 

iteration as in [15]. 

The slope at any sections of the beam can be calculated by integration of the 

curvature along the beam length. The compatible solution is obtained by satisfying 

condition of the slope continuity at the internal support. Let a, and a2 bethetwo 

slopes at each side of the internal support (Fig. 4.2), then the compatibility equation 

at the internal support is 

01 ý 02 

where a, anda2 are derived as follows [15] 

(4.1) 

a, = 
Lol 

x)dx - 
Li 

(D(Li - x)dx]IL, (4.2) 
oI 

T 7- 
a2 = 

fL2 
(D(L2- x)dx - 

Lo2 

(D'(L2- x)dx]IL2 (4.3) 
Lo2 

in 

Referring to Fig-4.2, where 

and 
L2 are the two span lengths (Fig. 4.1). 
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* L,,, and Lo2 are the length of hoggings in spans L, and L2 respectively. 

* (D' and (D are hogging and sagging curvatures respectively. 

At the support section, presence of vertical stiffeners (Fig. 4.1) not only stops web 

crippling due to bearing action but also prevent local buckling at that position. Local 
buckling usually occurs at the side with the less steep moment gradient near the 
internal support, so that the moment at location E, distance h/4 from the support 
(Fig. 4.1) is checked. If the moment at E is smaller than M., the multiple A is then 

modified, and the whole procedure repeats until a compatible solution (al :: -- a2) is 
found. The iteration continues till the moment at E reaches to Mp, at which the 
load factor is the plastic load factor A.. 

Pre-buckling plastic stage of the model 

Fig4.3 illustrates the loading and unloading of the cross section owing to the moment 

redistribution in a continuous beam. It is assumed that a plastic hinge, resulting 
from plastic deformation and local buckling, occurs at point E (Fig. 4.3). If A (A > 

Ap) is increased by AA, then in the hogging regions, the cross-sections subject to 

increasing loading will follow the moment - curvature path 1 (Fig. 4.3), the plastic 

rotation at E follows path 2, and the unloading cross-sections follow a series of 

parallel paths 3, while the hogging moment at E remains constant at Mp. The 

moment diagram is then fully defined. At this stage, except for the presence of the 

plastic hinge at E on the right side(with less steeper moment gradient), everything 

is the same as that in the left side. 
The compatibility condition at the support is similar to equation 4.1. However 

because of presence of the plastic hinge at E, a plastic rotation Oj is induced. So 

that at this stage, the two slopes at each side of the support, a, and a2 (Fig. 4.2) 

are derived by 

a, 
Li 

(D(Il - x)dx - 
L,,, 

Lol 
10 I (Li - x)dx]lLl (4.4) 

and 
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L, l L2 

0 
a2 O'(L2- 

x)dx - 
lLo2 

0 (L2- 
x)dx + Oi(L2- 0.5h)]/L2 (4.5) 

where 

* Oi is the concertrated plastic rotation at E. 

*h is the overall depth of the steel beam. 

9 all other parameters are the same as those in the previous stage. 

The equations 4.4,4.5 are similar to the equations 4.2 and 4.3 for the pre- 
plastic stage except that a concentrated plastic rotation is introduced at location 
E in equation 4.5. The concentrated plastic rotation is assumed at the buckling 

side, which corresponds to Oj in equation 4.5. Initially, let Oj be one tenth of the 

maximum plastic rotation 0, which is limited by local buckling, where 

Oa 
=(Ki - 

K3) OpehI2 (4.6) 

where Kj, K3, and (Dp, are described in the previous chapter (Fig. 3.5). 
H the compatibility condition (equation 4.1) is not satisfied, Oi is increased by 

AO, until the compatible solution is found (a, ý a2). Then A (A > Ap) gains another 
AA, while the moment at E remains Mp, and the whole process repeats until the 

concentrated plastic rotation Oi at E is equal to 0, This is the end of the stage. 
The current value of A is output as Ab 

- 

Post buckling stage of the model 

In this stage, load still increases, but the moment at the point E(shown in Fig. 4.3) 

drops to yMp ( where y is guessed value between 1.0 and 0.8). Let the moment at 

11, At ME= ILMv, the concentrated rotation is increased by AOj E drop to (I - y)J11 
5 (1 (K2 + 0.2 - Ki)(Dp, hl2 (Oi3in equation 3.16). By fixing ME= PM, at 

location E, for any A= Ab+ AA, the bending moment diagram is determined. All 

curvatures are found as in stage 2. Iteration on A continues until the incompatibility 

of rotation vanishes. Then a solution for A (A > Ab) is found. Next the moment 

at point E is decreased by a further amount AM, so that ME = 011p, where y is 
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an updated value lower than the previous value. The new plastic rotation AOi is 
obtained, and the whole process repeats. 

The iteration stops at the failure load factor7 Af, when any of the following first 

occurs: 

p falls to 0.8 

a midspan region reaches the end of its M- ýý curve or 
the iteration for new load increment fails to converge. 

K3 is calculated for each cross section from moment curvature curves. If Ki 
K3, at the critical section, the curve OFGB in Fig. 3.5 passes to the right of point 
C. There is then no value Ap corresponding to the intersection of the curve with line 
CD. 

4.2.2 Design ultimate loads by Eurocode 4 

The design ultimate loads wd, andWd2 for a two-span beam as shown in Fig. 4.1 

are calculated in accordance with clause 4.5.3.4 (Table 4.3) in draft Eurocode 4 

[1]. These are loads then used as references in the numerical analysis. The loads 

applied are represented by w, -- Awd, andW2 ý AWd2 where A is a load factor. The 

"uncracked" flexural stiffness EI,, is assumed to be uniform throughout the beam, 

in calculation of the design load. 

Let the characteristic uniform loads for both spans be g(dead load) and q (im- 

posed load) per unit length. Typically, the partial coefficients 7f are taken as 1.35 

(^I, ) and 1.5 (-Yq) for dead and imposed loads respectively in accordance with draft 

Eurocode 4. Usually, the ratio of qlg varies between 1.0 and 3.0. In the case 

of propped construction, the ratio is chosen (usually, W2 = wl). The load is then 

scaled so that the elastic global analysis of the beam gives a bending moment Mp/0.7 

at the internal support (B in Fig. 4.1). Redistribution of this moment, as allowed by 

Eurocode 4, leaves a moment Mp at B, which the beam can just resist. Therefore, 

the design ultimate loadWd is 

Wd83 
Mp 

3 
(Li + L2) (4.7) 

0.7L, + L2 

where Allp is the hogging bending moment resistance of the beam. 

This design ultimate load wd is used in the subsequent parametric studies. An 

54 



elastic analysis is done withW2 = wd on span L2 (representing 1.35 g+1.5 q) and 
wi = wd on span L, (representing a minimum load 1.35g), giving moment MB at 
B. If this exceeds Mp, it can be redistributed. If it is less than M,,, it is increased 

either to Mp or by 10 %, whichever is less, to represent the redistribution from 

midspan to the internal support allowed for Class 2 beams by Eurocode 4: Part 1, 

and corresponding reductions are made to the sagging moments in the spans. This 
is to check the strength of the sagging regions when the hogging bending resistance 
at the internal support governs the calculation of the ultimate design load wd. 

4.2.3 Material properties and details of beams analysed 
The cross-sections used in the numerical analysis are divided into two groups. Group 
I is based on the specimens tested by Climenhaga [34], among which, only two of 
these sections (HB40, HB41) are unchanged, with the yield stresses of the steel based 

on the measured yield strength of the steel flange. For the four SB specimens, the 

yield strength of the steel beams were taken as 335 N/rnm'. The steel cover-plates 
to the top flanges were replaced by equal areas A,, and Ar2 (Fig. 3.6) of reinforcement 

with the yield strength fu = 460N/mrn 2, so chosen that the original position of the 

plastic neutral axis was maintained. For group 2, steel sections are based on the 

sections in the tests by Kulmann [75], Lukey [74] and Kemp [76]. Values for A,, 

and Ar2were chosen such that the cross sections in the hogging regions are in Class 

2. The yield strengths of steel were all taken as 335 N/mm 2, and of reinforcement 

as 460 N/rnrn 2 

Dimensions of the twelve cross sections used in the parametric study of two-span 

continuous composite beams are given in Table 4.1, with notation as in Fig. 3.6. 

The yield strengths, slendernesses of web and flange of the cross sections are given 

in Table 4.2. The combined slenderness A, and the curvature ratios K1, K2 are 

also listed in Table 4.2. The web and flange slendernesses are plotted in Fig. 4.4, 

which shows that all the cross sections are in or near to Class 2 and extend over the 

available range of slenderness. 

The parab olic- rectangular curve used for concrete is shown in Fig. 4.5. The max- 

imum stress and the maximum strain are 0.67 fk and 0.0035 respectively. The 

cylinder strengths fk of the concrete are all taken as 31.5 N/mm 2 in the numerical 

55 



analysis. The assumed residual stress distribution in the rolled sections are also 
shown in Fig. 4.5. For each composite section studied, a bi-linear stress-strain curve 
is used for reinforcement and a tri-linear curve for structural steel. They are all 
illustrated in Fig. 3.4. 

4.2.4 Numerical results 
Three groups of calculations were carried out. The first group is for beams with 

equal spans of 10 m. The ratios of span to overall depth (h + h, ) for these beams 

range from 23.1 to 32.8. The second group of calculations is for beams with unequal 

span: L2 = 1.25 Li. The ratios of the longer span to overall depth are from 23.1 to 

40.5. The third group of calculations is for beams with unequal span: L2= 1.6 Li. 

The ratios of the longer span to overall depth are from 23.9 to 52.5. It is unlikely in 

design practice that uniform cross sections are used along the length of these beams, 

so that this group of calculations is only used in analysis of influence from the span 

ratio. 
K, and K2 used in the numerical analysis are given in Table 4.2. The values of 

Mp and MplMp, are given in Table 4.3. The design ultimate loads to Eurocode 4 

w and the computed results for both equal and unequal span beams are given in 

Tables 4.3 and 4.4 and 4.5 respectively. Propped construction was assumed. 

4.2.5 Analysis and discussions of results 

Load factors ApjAb, and Af 

The load factors, Ab and Af are the multiples of the design load wd when the beams 

buckle and fail. All the computed values of both Ab and Af exceed 1.0, except that 

in three situations for cross-sections SB2 and HB41, when the ratio of lengths of 

spans is 1.6 (L21L1 = 1.6), the multiples (Ab, and Af) are slightly lower than 1.0. 

However, the mean values of the load factors, even for span ratio of 1.6 (L21L, = 

1.6), are greater than 1.0. In practice, a beam with that span ratio (L21L, = 1.6) 

will not be designed having uniform cross-sections everywhere along its length, so 

that the design method of draft Eurocode 4 is safe for these beams. 

For most beams, the load factor Ab is not influenced by K2 (except K, :! ý K3, 
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therefore the values Of Ab at onset of local buckling also show that the method is 
not over- conservative. 

Fig. 4.6 gives a comparison with the results Of Tigid-plastic global analysis (not 

allowed in Eurocode 4 for Class 2 beams). Af corresponding to the ultimate state of 
the beams in the non-linear analysis is plotted against the ratios of hogging and sag- 
ging moment resistances (Mp1M,,, ). The relevant ratio wp/wd is also plotted, where 
wp is the rigid plastic collapse load for the longer span, and wd is the design load 
(draft Eurocode 4). The results (w. 1wj) from the rigid-plastic analysis are greater 
than the results (Af) from the non-linear analysis. This confirms the restriction for 
Class 2 cross-sections in Eurocode 4. 

The influences on the numerical results of several parameters are discussed in 

the following sections. 

Convergency of load factors Ap, Ab, and Af 

In the numerical analysis, increment of the multiples (A) was taken as 0.001, and a 

good convergency in the numerical results of Ap, Ab, and Af has been obtained. The 

results are not affected by further refinement of the increment. 

Effect of ratio of lengths of spans, 
L21L, 

When span ratio (L21L, ) increases, Ab and Af decrease in all cases. 

The mean values for 4 are: 1.232 (L21L, = 1); 1.138 (L2/Li = 1.25); and 1.058 
(L2/Li 

= 1.6). The mean values for Af are: 1.295(L2/ LI= 1); 1.16 6 (L21L, = 

1.25); and 1.080 (L21L1 = 1.6). Although the lowest values of 
Ab and Af are found 

slightly lower than 1.0 (Af =0.975 in HB41 when L21L, = 1.6), these results are 

acceptable, because it is unlikely that for span ratio as high as 1.6, the same cross 

section would be used in both spans. 

Effect of span/depth ratio, LI(h + h, ) 

For a beam of given cross-section, increasing the spans slightly reduces Ab and Af. 

The values of A, Ab and Af in tables 4.3,4.4ý 4.5 show that beams of longer spans and 

with higher span ratio L21L, tend to decrease slightly. Therefore, in the parametric 

study, the span/depth ratio of the beams was chosen well above the range used in 
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practice. 

In building structures, practical span/depth ratio ranges from 12 to 25, so that 
this slight decline of Ab and Af is negligible as compared with the much greater 
influence on Ab of the proportions of the composite section. 

Effect of factors K, and K2 

Since the greater Ki, hence R (rotation capacity) a beam has, the greater moment 
redistribution there will occur, so that it is expected that Ab increases with Ki. 
However, there is only slight evidence of this for the beams of equal span. Table 4.3 

shows that all those beams with Ab !ý1.15 have K, :55, except for section k20 (Ki 

= 3.3 < K3,4 
=1.245). 

But for unequal spans, there is no clear evidence; for instance: 

9 beam k20 with K, = 3.31 Ab = 1.16 

o beam HB40, with K, = 26, Ab = 1-11 

There is also no clear evidence that Af increases with K2. The reason is probably 
that the effect from K2 is hidden by influence on the ultimate beam strength of 

sagging regions. As there are few values of either Ab or Af less than 1.10, failure of 
Class 2 beam is more influenced by stable inelasticity than it is by buckling. 

Effect of ratio of bending resistances, MlMp, 

For a continuous composite beam with uniform cross section, the hogging bending 

resistance Mp increases with the effective area of reinforcement at internal supports; 

and the sagging bending resistance Mp, increases with the effective breadth of the 

slab at midspan. 

In Eurocode 4 [1], effective breadths for sagging regions are taken as 0.25 X0.8L, 

where L is span length. In the numerical analyses, the effective breadth used for 

sagging is generally less than 0.2L. Since breadth of slab b, (Table 4.1) influences 

only the calculations of the sagging bending resistance, it gives ratios lwplMp,, in 

the upper part of practical range. 

The effective breadth at an internal support does not influence the calculation of 

Mp, and is typically about 0.65 times that at midspan. The values of reinforcement 
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ratio ((A,, +Ar2) /0.65 b, h, ) used in the parametric study ranged from 0.21%(section 
k23) to 1.77% (section HB40). These are high compared with the practical range in 
buildings, where slab reinforcement is usually less than 0.5%. This also contributed 
to the high ratios MplMp, (all > 0.5) of the specimens in the parametric study, 
whereas values of MpIM,,, are usually below 0.4 in practice. 

When MplMp. increases, it is expected that lowest value of Ab and Af can be 

found when design of a beam is governed by its bending strength at midspan, Mps, 

as well as by Mp at the internal support. However, this did not occur in any of the 

analyses. 

In practice, it also cannot occur in two-span beams with uniform section, dis- 

tributed loads. Let load factors be -y. = 1.35 for dead load and -ýq= 1.5 for imposed 
load. The strength of the beam governed by both M, and Mp., occurs only when 
the ratio qlg of imposed to dead load per unit length is exceptionally high. 

To check this, the minimum load (0.25w, ) was applied to the shorter span of a 

two-span continuous beam, which corresponds to q=2.7g, and an elastic analysis 

was carried out. In the analysis, elastic moments at internal supports were increased 

by up to 10%, as allowed in Eurocode 4 for Class 2 beams. It was found that the 

design of two-span continuous beams be governed by both hogging and sagging 

bending strengths occurs when 

I MPl 
= 0.5ý1 

0.7 (1 + V3 2V2 (I + V) 
(4.8) -1 MP 8V2 (I + V) 0.7 (1 + V3) 

where v is span ratio 
L21Lj. 

For beams with span ratio L2 = 1.25L,, MplMp, can reach the high value of 

0.81 before the bending strength is made of full use at midspan (in design to draft 

Eurocode 4). For equal spans, the ratio is even higher (1.0). 

Therefore, the only potentially unsafe situation is when the effective breadth of 

a concrete flange at midspan is much less than it is at internal supports (for beams 

with distributed loads). This will lead values of MplMp, high enough for failure of 

midspan regions to be possible. 

To study this, further analyses were carried out, using two cross sections with 

high (SB3) and low (HB41) values of Ki and K2. The span ratio L21L, is 1.25(L2 

= 12.5 m and L, = 10 m). The values of b, were reduced, hence increasing the 
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ratios MplMp, of the beams. In Fig. 4-7, Af and Ab are plotted against b, The 

ratios of M 
,, 
IM 

. for each value of b, are also given in the figure. The results show 
that the rate of reduction of MplMp, with b, is low. The limiting ratio 0.81 is not 
reached, even with very narrow concrete flanges (600 mm for HB41 and 750 mm for 
SB3), which corresponds to effective breadths at mid span 0.06 L(HB41) and 0.075 
L (SB3) (< 0.2 L, the value given in Eurocode 4). 

In the numerical analyses, the mode of failure changed from "hogging moment 
drops to 0.8Mp" to "maximum concrete strain at midspan reaches 0.0035", at b, 

= 800 mm for SB3, and b, = 700 mm for HB41. Therefore, for these beams, with 

uniform distributed loads, the ultimate state strength governed by both hogging and 

sagging bending resistances (Mp and Mp, ) occurs when the ratio MplMp, is about 
0.685 (SB3, K, = 26) and 0.665 (HB41, K, = 3). 

Values of Af drop below 1.0 for HB41 when b, = 650 mm, which is a highly 

improbable flange width at the centre of a 10 m span. The beam failed in the 

sagging mid span. In practice, the effective breadths are at least three times that 

at mid span (0.25 x 0.8 L), so that the beam is governed by the hogging bending 

,,, and Af is above -1.0. resistance M 

In the numerical studies, the beams were all assumed having uniform cross sec- 

tions along their length. However, the results are limited to the restriction in draft 

Eurocode 4 to beams of "uniform depth within each span" (Clause 4.5.3. (2)-(a)). 

This restriction can be relaxed in the following conditions; when 

In hogging region, slenderness of the cross-section of the longer span is higher 

than slenderness of the cross-section of the shorter span so that local buckling 

still occurs on longer span side(less moment gradient, in uniform distributed 

loads), or 

e Slenderness of the smaller cross section is in Class 2, or 

The smaller of the two hogging bending resistance Mp governs design of the 

beam. 
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4.3 Comments on the design method of draft EC4 

Design using elastic analysis for continuous beams is related to the bending moment 
redistribution, which takes account of the effects of cracking of concrete, inelastic 
behaviour of materials and local buckling of structural steel. When "uncracked" 

flexural stiffnesses (EI,, ) are used throughout the length of a beam, draft EC4 allows 

up to 30% moment redistribution from internal supports to midspan for Class 2 
beams. In design, the required cross-sections are then chosen such that the maximum 

moments ( after moment redistribution) do not exceed the plastic bending resistance 

at hogging regions, when applied loads wi andW2 are known. 

This provision has been shown to be safe for two-span continuous composite 
beams with Class 2 cross-sections. For continuous beams with uniform cross sections 

other than two-span, one might expect more onerous loading arrangements, so that 

a stronger section would be chosen, leading to the provision of more surplus strength 

than that in two-span beams. 

Alternatively, EC4 allows up to 10% moment redistribution by increasing the 

maximum hogging moments for uncracked" elastic analysis. This provision is useful 

when one of a pair of adjacent spans carries its minimum loading and also been 

checked by an elastic analysis, with loadingW2on span L2 ( longer span) and loading 

0.25w, (representing a minimum load) on span L1. As the first provision is only for 

design of hogging bending, the second provision is relevant to the strength required 

at the sagging regions. For equal span beams (10 m/10 m), the maximum sagging 

moment is then 0.97Mp and for unequal span beams(8 m/10 m), the maximum 

sagging moment is 1.26 Mp. For composite beams with uniform cross sections the 

ratio JW , IMp is greater than 1.5, so that it is checked to be safe. 

As it is likely that, with uniform cross-sections, hogging cross sections can be 

designed in accordance with the first provision, then sagging regions are checked in 

accordance with the second provision. 

Generallyý the second provision is conservative and it is very likely that full 

plasticity is not attained in midspan for practical ranges of composite beams. 
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4.4 Conclusions 

Design of continuous composite beams in hogging bending is governed by local buck- 
ling and lateral distortional bucking in the bottom flanges near internal supports. 
When the beams are free of lateral instability, economic design can be made by 
redistributing certain amount of moment either from internal supports to mid span 
or vise versa. The research is a continuous part of the work to check the margin of 
safety of the quasi-elastic design method in Eurocode 4, that allows moment redis- 
tribution expected from elastic global analysis. The scope of the research is limited 
to continuous composite beams in which the steel beams are of Class 2 uniform cross 
sections in accordance with draft Eurocode 4: Part 1 [1]. Full shear connection is 

provided, and the design ultimate loads are assumed to be uniformly distributed. 
Rotation capacity of beams affected by local buckling is studied. Moment- 

rotation curves for hogging moment regions are deduced from moment- curvature 
curves. Due to the localised buckling feature, at the critical sections (buckling), 

the moment- curvature curves are defined by ratios Ki, K2 and K3. Hogging region 

of a continuous beam is modeled as a cantilever. Characteristic values of K, are 

obtained, as a function of a combined slenderness ratio A, based on reported test 
data on 49 beams from four laboratories. Computed moment-rotation curves for 

cantilevers are compared with test data from 4 composite cantilevers. Trial and 

error calculations lead to approximate values for K2 which is also related the com- 
bined slenderness ratio A,. Ratios K3 are calculated from moment- curvature curves, 

allowing for residual stresses. 
These K, and and K2 have been used in numerical analyses of 50 two-span 

beams, leading to load factors Ab, at which buckling commences, and Af, at which 

"failure" occurs. The value A=1 corresponds to design load to draft Eurocode 4. 

The mean Af was 1.18. The lowest value was 0.975, for section HB41, with a 

high span ratio (L21L, = 1.6). However, it is unlikely in a beam with that high 

span ratio (L21L, 1.6), when uniform section will be used in practice. For other 

span ratios (L21L, I and 1.25), the lowest Af 1.03. 

The mean Abwas 1.14. The lowest Ab for span ratio (L21L, = 1,1.25) is 1.00. 

The computed values of the ultimate loads that correspond to Af, are slightly 

lower than the collapse loads calculated by the rigid-plastic global analysis. That 
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would be expected for Class 2 beams, because design based on the rigid-plastic 
global analysis makes use of the full bending resistance of both hogging and sagging 
regions of a span. It is shown that in design of Class 2 beams to draft Eurocode 
4, this does not occur, even when concrete flanges at midspan are exceptionally 
narrow. 

The analyses also include adverse values, in relation to practice, of relative length 

of adjacent spans, span-to-depth ratio, and ratio of hogging to sagging moment of 
resistance. 

In conclusion, the redistribution of elastic bending moments allowed by draft Eu- 

rocode 4 has been found to be safe and economica'7 and to reflect the real behaviour 

of two-span beams. For beams continuous over more than two spans, the method 
is believed to be slightly more conservative. These results are consistent with those 

from a study of Class 3 beams [33]. 
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Table 4.1: Properties of cross-sections 
Section br 

l= 

h, 
mm 

bf 
mm 

t 
mm 

w 
mm 

df 
mm 

A� 
mm 2 

Yi 
mm 

Ar2 
mm 2 

Y2 
mm 

SB2 1000 105 134.9 8.2 6.1 184.9 486 25 486 80 
SB3 1000 105 134.2 9.5 6.1 184.9 552 25 552 80 
HB40 1000 105 134.2 9.5 6.1 184.9 784 25 428 80 
HB41 1000 105 101.5 6.7 5.9 241.2 495 25 63 80 
SB4 1000 120 103.5 7.3 6.0 298.5 250 30 250 90 
SBIO 1000 120 103.5 7.3 6.0 298.5 150 30 150 90 

al 2000 120 203.5 10.8 7.7 228.9 600 30 600 90 

a2 2000 120 176.0 10.8 7.7 228.9 600 30 600 90 
b3 600 105 86.1 5.3 4.5 189.6 125 25 125 80 
k17 1500 120 160.0 10.0 5.5 200.0 350 30 350 90 
k20 1500 120 160.0 10.0 6.0 279.0 200 30 200 90 
k23 1500 120 183.0 10.3 6.0 278.4 125 30 125 90 

rr-M. A 9. V,,. Il +rpnof. h and glenderness for comi3osite sections JL C& ýJ A 

Beam 
N/mml 

f, 
N/mm 2 

adlwc c1tc A, K, K2 

SB2 315 460 33.8 8.6 17.1 10.0 30.0 

SB3 293 460 32.4 7.1 14.89 26.0 81.0 

HB40 293 397 32.4 7.1 14.89 26.0 81.0 

HB41 323 435 36.0 8.0 17.97 3.0 11.0 

SB4 335 460 37.9 7.6 17.95 3.5 11.1 

SBIO 335 460 34.0 7.6 16.99 10.5 32.7 

al 35 460 33.2 10.1 17.54 6.5 20.4 

a2 335 460 33.2 8.7 16.77 12.0 37.7 

W 335 460 33.6 8.7 18.13 2.2 7.1 

k17 335 460 39.5 8.9 17.37 7.7 24.2 

k20 335 460 35.8 8.9 17.98 3.3 10.5 

k23 335 460 32.2 10.0 1 17.53 6.6 20.6 
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Table 4.3: Beams with two equal spans of 10.0 m 
Beam MP MP/MPS Wd LI(h + h, Ap Ab Af 

kNm kN/m 
SB2 123.5 0.65 14.18 32.7 1.055 1.167 1.194 
SB3 137.9 0.67 15.76 32.4 1.010 1.240 1.335 
HB40 140.1 0.68 16.01 32.4 0.980 1.212 1.267 
HB41 125.7 0.64 14.37 27.9 1.045 1.127 
SB4 155.8 0.59 17.81 23.1 1.125 1.245 
SBIO 140.8 0.53 16-09 23.1 1.370 1.462 1.537 

al 282.8 0.61 32.32 27.0 1.160 1.230 1.253 

a2 258.9 0.61 29.59 27.0 1.165 1.290 1.346 
W 58.1 0.53 6.64 29.4 1.115 1.160 
k17 171.9 0.56 19.64 30.8 1.195 1.292 1-3315 
k20 230.2 0.57 26.31 23.9 1.245 1.296 
k23 246.0 0.55 28.11 23.9 1.335 1.362 1.404 

Mean 1.158 1.232 1.295 
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Table 4.4: Beams with uneaual sDans: L, ) = 1.25 L, 
Section L, 

m 

L2 

m 

Wd 

kN/m 
Ap Ab Af LI(h + h, ) 

SB2 8 10 16.88 1.020 1.077 1.098 26.21 32.7 
10 12.5 11.39 1.005 1.060 1.068 32.71 40.9 

SB3 8 10 18.76 0.980 1.140 1.189 25.91 32.4 
10 12.5 12.01 0.970 1.110 1.173 32.41 40.5 

HB40 8 10 19.06 0.955 1.112 1.161 25.9ý 32.4 
10 12.5 12.20 0.950 1.085 1.154 32.47 40.5 

HB41 8 10 17.10 1.020 1.046 22.21 27.8 
10 12.5 10.95 1.005 1.028 27.81 34.8 

SB4 8 10 21.20 1.125 1.245 18.51 23.1 
10 12.5 13.57 1.065 1.101 23.11 28.9 

SBIO 8 10 19.15 1.270 1.327 1.358 18.5, 23.1 
10 12.5 12.26 1.250 1.302 1.339 23.1) 28.9 

al 8 10 38.47 1.095 1.130 1.146 21.61 27.0 
10 12.5 12.26 1.250 1.302 1.339 23.11 28.9 

a2 8 10 38.47 1.095 1.130 1.146 21.67 27.0 
10 12.5 22.5 1.090 1.155 1.187 27.01 33.8 

W 8 10 7.91 1.110 1.143 26.21 32.8 
10 12.5 5.06 1.095 1.127 32.8 ý 41.0 

k17 8 10 23.39 1.145 1.197 1.232 23.5, 29.4 
10 12.5 14.97 1.120 1.172 1.198 29.41 36.8 

k20 8 10 31.33 1.160 1.182 19.1 23.9 
10 12.5 20.05 1.100 1.134 23.91 29.9 

k23 8 10 33.47 1.220 1.240 1.271 19.11 23.9 
10 12.5 21.42 1.205 1.220 1.238 23.91 29.9 

Mean 1.091 1.138 1.166 
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Table 4.5: Beams with uneoual Mans: L, ) = 1.6 T,, 
Section L, L2 Wd Ap A6 Af LI(h + h, ) 

m m kN/m 
SB2 6.25 10 18-52 0.965 1.017 1.034 20.4, 32.7 

10 16 7.23 0.945 0.987 0.993 32.4, 52.3 
SB3 6.25 10 20.59 0.930 1.067 1.086 20.37 32.4 

10 16 8.04 0.920 1.015 1.050 32.4, 51.8 
HB40 6.25 10 20.91 0.915 1.042 1.068 20.31 32.4 

10 16 8.17 0.890 1.002 1.047 32.41 51.8 
HB41 6.25 10 18.77 0.970 0.988 17.41 27.8 

10 16 7.33 0.954 0.975 27.8, 50.0 
al 6.25 10 42.21 1.035 1.062 1.070 16-91 27.0 

10 16 16.49 1.005 1.030 1.030 27-0ý 43.2 

a2 6.25 10 38.65 1.035 1.100 1.105 16-91 27.0 
10 16 15.10 1.015 1.060 1.079 27-0ý 43.2 

W 6.25 10 8.67 1.085 1.105 20.5, 32.8 
10 16 3.39 1.070 1.087 32.81 52.5 

k17 6.25 10 25.66 L 080 1.125 1.149 18.41 29.4 
10 16 10.02 1.060 1.087 1.093 29.47 47.0 

k20 6.25 10 34.37 1.070 1.093 14.91 23.9 
10 16 13.43 1.045 1.053 23-91 38.2 

k23 6.25 10 36.72 1.150 1.157 1.177 14.91 23.9 
10 16 14.34 1.105 1.110 1.133 23.9, 38.2 

Mean 1.016 1.058 1.080 

67 



b/4 

A 
L, I 

Figure 4.1: Loading on a two span continuous beam 

oc 

A\T1B 

D 

D 

Figure 4.2: Deflection shape of a two span continuous beam 

68 

I li I k:, k-, I 



1.0 

MP 

(xp (X 
p. 

D 

W2 

Figure 4.3: Loading and unloading of cross sections along the beam 0 

--ftft,;,. Wooop-, o 
oft 

as oft do doo 
dop 

0 

69 



42 

40 

38 

0 10 36 

34 

32 

30 

0.5 
Class 3 

k17 

1 SB4 

0.5 BB41 k2O 
--------- ----------- 0 --------------------- 

SBIO SB2 
0 0o b3 10 

0 SB3, HB40 
a2 k23 

28 L 
7 

Class II Class 2 

al 

7.5 8 8.5 9 9.5 10 10.5 

flange slenderness c/t (welded) or 0.45 bA (rolled) 

Figure 4.4: Slenderness of sections used in parametric study 

T(f y 3) 

CY y 

0.67f, C 
,k 

2.44 x 10 -4 f ck 
0.0035 C= compression 

T= tension 

stress-strain curve(concrete) residual stress pattern 

Figure, 4.5: Stress-strain curves and residual stress 

70 



3 

2.5 

2 

10 

1.5 

: 
:6 

I 

L2 /LI 1.25 
L2/L I= I 

L 2/L I= 1.6 

--- 1-12 ALI= 1 

0 --- L2 ALI = 10/8 
+ --- L2 ALI= 12.5/10 

0.5 

01 111111 
0 0.2 0.4 0.6 0.8 1 1.2 

MP, /M P. 

Figure 4.6: Comparison to the rigid-plastic global analysis 

1.4 

1.35 

1.3 

1.25 

1.2 

1.15 

1.1 

1.05 

1 

0.95 

A0 

Section SB3 
(KI 26) 

0.67 

Mp /M ps 0.69 
0.68 

Section HB41 
(Ki = 3) 

1-10.64 

Mp /M ps = 0.675 
0.66 

W. ý 

400 500 600 700 800 900 1000 1100 1200 

bc mm 

Figure 4.7: Influence of breadth of concrete flange on Ab and Af 

71 



Chapter 5 

Tests on Inverted U-frame Action 
0 

in Composite Beams 

5.1 Introduction 

The Bridge code (BS5400: Part3) [2] provides design methods for both continuous 
and discrete U-frame action in steel beams in the UK, but the methods are very 
conservative because they are based on the strut buckling theory. Besides, in design 

practice for composite construction, the method for discrete U-frames is irrelevant, 
because of uncertainty of the strength and stiffness of the U-frame connection and 
the validation of smearing the discrete U-frames over the beam span when the BEF 

theory (beam on elastic foundation) is used. 
Draft Eurocode 4: Part 1 [11 (referred to here as EC4) provides a design method 

for distortional lateral buckling. Its predictions have been compared[33] with the 

results of tests on two pairs of double- cantilever beams restrained by inverted-U 

frame action(U2 and U3). It was found that for Class 2 cross sections, the max- 

imum hogging moments reached in the tests exceeded the values predicted by the 

BS5400 method by over 200%, and by 23% to 33%. by the EC4 method. No further 

experimental evidence has been found for beams with slender sections(class 3 and 

class 4) and beams with stiffened webs. 

Tests are now reported on two inverted U-frame composite girders, U4 and U5. 

The objectives of the tests were to study the U-frame action in enhancing the overall 

resistance of a beam against distortional lateral buckling, and to provide experimen- 

tal data for the development of a rational design approach. 
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5.2 Test specimens 

5.2.1 Choice of specimen 

Two inverted U-frame composite girders, U4 and U5, were tested. Both specimens 
were designed as double cantilevers to simulate the hogging region between two 
contraflexure points near an internal support of a continuous beam. 

The member length and choice of cross sections of the specimens were based 

on the design of a typical bridge structure, assuming a span-depth ratio of 24. 
Considering a bridge with continuous spans of 30 m, the length of the hogging 

moment region near the internal supports can be up to 10 m. This was the basis for 

choosing the cantilever length of 5 m(half scale), to allow for the worst arrangement 

of imposed loading likely to happen. The cross section of interest was one with a 

web slenderness just outside the existing limit for class 3 (EC4). This was achieved 
by using slab reinforcement and an appropriate section for the plate girders. 

Figs. 5.1 and 5.2 illustrate the geometries and dimensions of specimens U4 and 

U5. The two specimens have identical cross sections. Each consists of two parallel 

plate girders. Specimen U4 was designed to simulate beams with continuous U- 

frame action. There were no web stiffeners except at the support section. Specimen 

U5 was designed with vertical web stiffeners along the beam length to simulate a 
discrete U-frame composite girder. Double and single sided stiffeners were used in 

the different parts of the specimen to compare their behaviour. 

Two layers of high strength reinforcement bars were used in both longitudinal 

and transverse directions. (TlO bars at 150 mm each way). The reinforcement ratio 

for hogging bending is 1% , which is common in bridge design. 

The slab is 110 mm in depth and 2000 mm in width. 

5.2.2 Specimen U4 

Specimen U4 consists of two plate girders, labelled U4A, U4B. The plate girders were 

constructed by welding grade 50D steel plates. 

For each of U4A and U4B, double sided vertical bearing stiffeners were provided 

at the support section. The bearing stiffeners were 10 mm in thickness. Fig. 5.3 

shows light internal cross bracings used in the specimen. The light horizontal and 
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diagonal internal bracings were provided at the support section, to prevent lateral 

movement and tilting of each beam, but not to restrain rotation in plan, about a 
vertical axis. 

At two cross sections, 1.2 m and 1.6 m away from the support each side, lateral 

cross bracings were provided during the second part of the test only. They are 
identical to the central diagonal bracing, but without the horizontal member. All 

the connections between the girders and the bracings were fastened by using M16 
bolts, with a torque of 25 kNm, to ensure a moment transmission. 

The stud arrangements for specimen U4 are shown in Fig. 5.4. All shear studs 
have 13 mrn shanks. The nominal height after welding is 65 mm. Two rows of 

studs were welded to the top flange for each beam, with a transverse spacing 85 mm 

symmetric to the centre line of the top flange and a longitudinal spacing of 200 mm. 
Full shear connection is achieved in accordance with BS5400: Part 5 [801. 

5.2.3 Specimen U5 

Similar to U4, specimen U5 also consists of two plate girders, namely U5A and U5B. 

Their cross sections are identical to those of U4A, and U4B. 

Two types of stiffeners were used. On one half length of each beam, the stiffeners 

were designed as double sided at a spacing of 1200 mm, and on the other half, 

stiffeners were single sided. Fig. 5.5 shows the details of the two types of stiffeners. 

These stiffeners were designed as having the same values of the second moment of 

area about the principal axis parallel to the web (Fig5.5) over a width up to 16 times 

the web thickness on each side of the centreline of its connection, in accordance with 

Clause 9.6.3 of BS5400: Part 3 [2]. 

Fig. 5.6 illustrates the details of the stud arrangements for specimen U5. Provi- 

sion of the shear connection was similar to U4 by using TRW Nelson shear studs 65 

mrn high and 13 mm in diameter. Transverse spacing was 85 mm and longitudinal 

spacings were different for different parts of the specimen as shown in Fig. 5.6. 

Similar to specimen U4, double sided bearing stiffeners were used at the support 

section. The light horizontal and diagonal internal bracings were also provided at 

the support section, connected by M16 HSFG bolts. 

The web panels near the central section were strengthened by 25x25 x5 angles 
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for the second part of the test, to prevent the local web buckling, as shown in Fig. 5-7. 

5.2.4 Construction of test specimens 

Specimen U4 

The construction of the plate girders for U4 was carried out by the Ward Structures 
LTD in North Yorkshire. In fabrication of the girders, full length of double sided 
welding of web to flanges was made by automatic welding machine. The fillet weld 
size was 5 mm. The stiffeners at the central section were then manually welded, 
with the fillet weld size of 4 mm. 

Stud welding was done by using the Nelson series 6000(TR2400) dual gun system 
in the structural laboratory of Warwick University. Performance tests were carried 
out before welding to ensure reliability and workmanship in accordance with TRW 
Nelson's recommendation. 

Propped construction was used. The twin plate girders were propped by four 

temporary cross frames. Timber shutterings was used for the concrete slab. 
Ready mix concrete grade C30, with slump of 60 mm, was used to cast slab U4. 

Twelve 150X150 cubes were taken and they were tested in pairs at intervals. The 

concrete slab was cast with top flanges of the steel beam horizontal in the transverse 

direction. All temporary works were dismanted 7 days after casting. 

Specimen U5 

Similar to U4, fabrication of the girders for U5 was carried out, by the same fab- 

ricator. Single sided welding and double sided welding of web to flanges were used 

in different parts of the specimen. Fig. 5.8 illustrates the welding details. The fillet 

weld size was 5 mm between the web and the flanges. The stiffeners were then 

manually welded along the beam length, with thýe fillet weld size of 4 mm. 

Stud welding was similar to that for U4. 

Ready mix concrete grade C35 was used, with slump of 60 mm. Casting was 

similar to that for U4, with the plate girders propped, and timber shuttering for 

the concrete slab. Twelve 150xl5o cubes were taken. The temporary works were 

dismanted one week after casting. 
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5.2.5 Testing rigs 
Testing rigs were exactly the same for both specimens U4 and U5. Two portal reac- 
tion frames built up from standard structural "Meccano" were erected at each end of 
the specimens. The loading arrangement is shown in Fig. 5.9. The central supports 
were held stationary and loads were applied to the specimen through hydraulic jacks 
at the four corners. 

Two semi- cylindrical roller bearings of 50 mm in diameter (Fig. 5.10) were used 
at the central support section underneath each of the twin beams. At four corners of 
the beams, the end bearing system, which was an assembly of a roller slider on top 
of a spherical ball joint seat ing(Fig. 5.11), provided complete freedom in rotations 
and longitudinal movement. 

Preliminary analyses of the deflections showed that jack travel of 250 mm would 
be needed. 

5.3 Instrumentation 

5.3.1 Specimen U4 

Two 25-tonne and two 50-tonne load cells were used to measure the loads applied 

at the four corners. 
Strain gauges were bonded onto the girders before casting. 28 No. TML electrical 

resistance strain gauges with gauge length 10 mm were bonded each on U4A and 
U4B. Near the support region, post-yield gauges were used(YL-10 TML). On the 

bottom flanges, the strain gauges were installed in pairs in such a way that mean 

compression strains as well as the bending strains (as a result of possible lateral 

buckling at high loads) could be picked up. The strain gauge positions on U4B are 

shown in Fig-5-12. 

The in-plane and transverse rotations were measured by using a portable incli- 

nometer at the positions shown in Fig. 5.13. 

POU LVDTs were used to measure vertical movements at the four loading po- V- r 

sitions, underneath the bottom flanges. Another four LVDTs were used to detect 

the longitudinal slips between the steel beams and the slab at the four ends of the 
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beams. Lateral movements of the bottom flanges and the slab were measured by 

two theodolites, by offset with reference to an initial datum line. The offset was ob- 
tained by reading a steel ruler, rocked like a levelling staff, to obtain the minimum 
reading. 

5.3.2 Specimen U5 

The load cells used were similar to those for the U4 test. The four LVDTs used in 
detection of the deflections were 100 mm in travel, and the LVDTs for measurement 

of the longitudinal slips were 25 mm in travel. 

It was found that measurement of the lateral movements of the bottom flanges by 

the theodolites was not accurate enough to evaluate the U-frame action, so a lateral 

measurement device was designed to pick up the relative displacement between the 

bottom flanges. A LVDT transducer was installed onto a wood bar, one end of which 

was sited on a ball, allowing the bar to rotate in the transverse plane, the other end 

was on a rolling tube, allowing relative lateral movement when there is a lateral 

movement. The arrangement of the device is illustrated in Fig. 5.14. Transverse 

rotation of the bottom flange would induce an error in the measurement of the 

relative displacement. This is analysed in Appendix. B. 

The strain gauges bonded onto the bottom flanges were similar to those for U4, 

installed in pairs, to pick up the bending strains. The strain gauges bonded onto the 

webs were installed in a way to pick up the transverse bending of the web. Fig. 5.15 

illustrates the monitoring positions of strain gauges for beam U5B. 

Besides the strain gauges bonded onto the girders, ten strain gauges were bonded 

onto the studs above the stiffeners closest to the central section in U5B. Fig. 5.16 

shows the positions of these strain gauges on the studs. The strain gauges were 

bonded in such a way to give a transverse bending between the stud pairs, and 

the anti-damage layers were also provided to protect the strain gauges as shown in 

Fig. 5-16. - 
The inclinometer positions for U5 specimen are shown in Fig. 5.17. 

Fig. 5-18 shows the lateral displacement measurement arrangements. The abso- 

lute lateral movements of the bottom flanges and the slab were measured by two 

theodolites, which defined vertical datum planes along both sides of the specimen. 
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Four dial gauges used near the central support of U5A, to give more accurate mea- 
surements. Eight lateral measurement devices were mounted underneath the twin 
girders spacing at 300 mm near the central support. The absolute lateral displace- 
ment of the bottom flange in U5B was calculated by the difference of the readings 
from dial gauges and the LVDTs on the wood bars. 

5.3.3 Calibration of instruments 

The load cells were calibrated before and after each test, using 3MN Denison testing 
machine. Test results were calculated using average values from the two sets of 
calibration data. 

The LVDTs were also calibrated by measuring the adding up of slip gauges, be- 
fore and after the tests. Mean values of the readings were taken in linear regressions 
of the calibration graphs. 

All electric digital data were collected using a Schlumberger Orion 3531D data 
logger, controlled by a micro computer via RS232 interface. The accuracy and re- 
peatability were checked by using LVDTs at different values of movement calibrated 
by a set of standard measuring gauges. 

The repeatability of the lateral measurement device was also checked before and 

after the tests, by fitting the standard measurement gauges, with repeatability less 

than 0.05 mm. 

5.4 Auxiliary tests 

5.4.1 Properties of materials 

Grade 50D steel was used to construct the plate girders for both specimens, U4 and 

U5. Coupon samples were cut from the plates in the same batch provided by the 

fabricator. The test specimens were tested in a 25-tonne Dartec tensile machine in 

accordance with BS18 [81]. Two specimens were tested for each of the top flange., 

bottom flange and web of U4A, U4B, U5A and U5B. In elastic region, strain was 

measured by means of a Sandner extensometer extensometer of gauge length 25 

mm and sensitivity 2.5%. All data were logged to a micro-computer and material 
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properties were calculated automatically. 
High-yield reinforcing bars were sampled randomly and four bars were taken. 

Tensile tests were performed on the samples using a 10-tonne Monsanto Extensome- 
ter machine and the material properties were taken as the average from four tests. 

Concrete cubes were tested using a 3MN Denison machine in accordance with 
BS1881 part 116 [82]. Tests were carried out at regular intervals after casting of the 

slab. 

Table 5.1 gives the strengths of the steel, the reinforcement bars and the strength 
of the concrete. The strength of concrete, f,,, in Table 5.1 is a mean value of that 
from a pair of cubes tested on the days when the beam tests were completed for 

specimens U4 and U5 respectively. 

5.4.2 Dimensions and imperfections 

Fig. 5.19 illustrates notations for the cross sections. Measurements of thickness of the 

flanges were taken at regular intervals using a micrometer, eight locations, uniformly 

spaced. The thickness of the webs was also measured at the two ends of each beam, 

four positions over depth, by the micrometer. The width and depth of the cross- 

sections were measured using a vernier caliper at half metre intervals along beam 

length. The mean values of the dimensions are given in Table 5.2. 

Cross section areas of the reinfocement, A,, and A. 2, were calculated by using 

the nominal diameter (TIO bar spacing at 150 mm) provided by fabricators. 

The initial lateral imperfections of the bottom flange relative to the top flange 

were measured before tests. A "theoretical straight flange edge" was located by 

offsetting uniformly by a distance equal to half of the average width of the top 

flange from the centre line, which was marked joining the ends where the web and 

the top flange intersect. Lateral imperfections were referred to this straight edge. 

Figs. 5.20 and 5.21 show the initial lateral imperfections of the specimens U4 and 

U5. 

5.4.3 Tests on welded stud shear connections 

Tensile tests were carried out on studs to find out the strength of the studs. Two 

studs were welded to a steel plate of 8 mm thickness, as shown in Fig. 5.22. Two 
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such specimens were tested. The maximum loading gave the strength of the studs. 
One specimen failed at a tensile force of 66 kN and the other failed at the value of 
70 kN, so that the mean value of the strength is 68 kN (or 544N/rnrn2). 

5.5 Test procedures 

5.5.1 Specimen U4 

Two tests were carried out on specimen U4 and the tests lasted for 4 days. Test 

I was done when the beams had no cross bracings except at the central supports. 
It was stopped when distortional lateral buckling occurred. Test 2 was carried out 

with cross bracings at one section each side of the central supports. 
There were 27 load stages. Stage 0 to stage 16 was for test 1, and stage 18 to 27 

was for test 2. Stage 17 was a transient stage when beams were unloaded from the 

maximum loading in test I to the starting position of test 2. 

Test 1 started at stage 0 with the beams propped at six points and therefore the 

deflections and rotations of beams by self-weight were measured. The subsequent 

readings of transverse rotations and lateral displacements of bottom flanges were 

additional to the values at stage 1 (self-weight only). 

At an early stage of the test, two small load cycles were carried out to check the 

workability of the test arrangement. The initial transverse crack appeared at a very 

small loading: less than 5 kN on the slab. 

Readings of strain gauges and LVDTs were taken at every stage, while the read- 

ings of the inclinometers and the theodolite were taken at selected stages. 

To prevent transverse bending introduced by unequal loading on each beam, the 

ýdeflections at each end were controlled to be almost equal at each stage, and this 

was achieved by comparing differences of the deflections on each end of beams U4A 

and U4B. 

Test 2 started at load stage 18 when the four jack forces were zero. 

The cross bracings adjacent the central section each side were installed before 

the start of the test 2. M16 bolts were used at the connections of the bracings and 

the girders, with a fastening torque of 25 kNm. 
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5.5.2 Specimen U5 

The test on U5 started when the beams were propped at six positions (stage 0). 
The deflections and the longitudinal rotations of the beams at their ends caused by 

self-weight then were measured at stage I when the beams were propped on the two 

central supports with four jacks free of force. The subsequent readings of transverse 

rotation and lateral movement of the bottom flanges were based on this stage, while 
other readings were based on stage 0. 

In order to prevent the transverse bending introduced by unequal loading of U5A 

and U5B, the deflections at each end have to be kept almost equal at each stage. On 

both sides of the central section, the difference between the deflections of the ends 

of the two beams was controlled within 0.2 mm, and for each beam, the difference 

between the deflections of its two ends was within 2 mm. 
In the first part of the test, the beams were loaded up to stage 12, at which the 

support moments were 362 kNm in U5A(I. OOM,,, ) and 358.7 kNm in U5B(I. 02Myb), 

when local web buckling was observed near the supports. Then the beams were 

unloaded and the web panels near the support section were strengthened by adding 

angles (25x25x5) in the way shown in Fig. 5.7. 

The second part of the test started at stage 20. The creep effect of the beams 

is eliminated by subtracting the readings at stage 19 from stage 20 (where stage 19 

is the final stage of the first part of the test, when beams were unloaded with four 

jacks free of force and the beams were propped at the two supports at the central 

section). Continuous test readings have been achieved. 

The tests lasted for four days. 
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Table 5.1: Material strenvths of steel and concrete 
specimen ftv fby fwy fr fCu 

N/mm' rnrn2 NI N/Mrn2 N/mm 2 N/rnrn' 
U4A 386.5 362.0 418.0 459.0 38.6 
U4B 402.5 360.0 412.5 459.0 
U5A 383.0 360.5 390.0 459.0 36.5 
U5B 369.0 360.0 393.0 459.0 

Table 5.2- Dimension-, of 
specimen bft tft bf b tfb h� tw A� Ar2 

mm mm mm mm mm mm mm 
2 mm 2 

U4A 124.34 8.08 125.45 10.12 498.83 5.95 524 524 
U4B 123.74 8.06 123.86 10.03 498.17 5.99 524 524 
U5A 125.50 8.00 125.90 9.90 500.00 6.10 524 524 
U5B 121.50 8.00 121.30 9.90 498.50 6.10 524 524 
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Chapter 6 

Results of tests on specimens U4 

and U5 

6.1 Introduction 

In this chapter, the results from the tests on specimens U4 and U5 are presented. 
Among the extensive strain and rotation data recorded in the tests, only these 

essential values and these representing significant changes in behaviour have been 

reported. 
The slenderness and resistance of the specimens are also evaluated based on the 

relevant codes and design methods. 

6.2 Slenderness and resistance of the beams 

6.2.1 Slenderness 

Design procedures for both steel and composite beams are linked to a classification 

based on the slenderness of steel elements in compression. As specimens U4 and 

U5 have identical cross-sections, the slendernesses are the same for both specimens. 

Since web and flange yield strengths differ by 20%, relevant mean ratios of the 

strength and mean values of the dimensions were used in calculations of slender- 

nesses for the web and for the flange. In accordance with the draft Eurocode 4, the 

slendernesses of flange and web, Af and A. are defined by: 

Af c 
tfe 

Aw 
d (6.2) 

twc 

The notations of cross-sections are given in Fig. 3.6, where c is the outstand flange 

in compression, and c= 
ý235/fy. Table 6.1 gives the web and flange slendernesses 
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for specimens U4 and U5. In the table7 Af, and Aw3 are the slenderness limits of 
class 1 and 3 for flange and web, respectively. 

6.2.2 Resistance of the specimens 
Table 6.2 gives the yield and plastic moment resistances of the two specimens. 

In the Table, the hogging yield and plastic moment resistances, M. and Mp, 

calculated neglecting shear lag in the slab, were about 1% below and above the 

mean values. The material partial factors -y,, were all taken to be 1.0. 
The slight differences in the resistances are attributed from the differences in 

dimensions and yield strengths. 
Lateral buckling resistance for the unstiffened specimen, U4, is also given based 

on the relevant design methods. These design methods are only for composite beams 

with continuous U-frame action, and have been described in chapter 2. The Weston 

method [441 is based on a beam with uniformly distributed loading, so that there 

will be some error applying this method to specimen U4, in which the bending 

moment is a linear distribution. The EC4 method [1] and SCI method [491 provide 

more options of moment gradients, so that in the calculation of the lateral buckling 

resistance by these two methods, specimen U4 was assumed as a hogging region 
between two contraflexure points near an internal support, with a linear bending 

moment gradient. However, for stiffened beams with discrete U-frame action, no 

methods are available for prediction of the lateral buckling resistance. 

6.3 Results of tests 

6.3.1 Specimen U4 

Fig. 6.1 shows the moment-rotation curves of U4A and U4B beams. The similar 

curves of moment -deflection are given in Fig. 6.2. The numbers in the Figures rep- 

resent corresponding load stages. The two dash point lines represent deformations 

(deflections or longitudinal rotations respectively) based on the elastic analysis by 

using cracked (El,, ) and uncracked (EI,, ) flexural stiffnesses [1]. The longitudinal 

rotation is the change in the angle between the tangents at the two ends of each 
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beam and the end deflection is a mean value of deflections at the two ends of each 
beam. 

Distortional lateral buckling initiated near to stage 12 when in-plane bending 
strains at bottom flanges tended to increase fast as shown in Fig. 6.3. The positions 
of these strains are at 300 mm away from the central support section. The in-plane 
bending strain is represented by the difference of strains between two strain gauges of 
a pair on the bottom flanges. Variation of plane bending strains in the bottom flanges 
of test I are shown in Fig. 6.4 and the corresponding lateral movement of the bottom 
flanges is illustrated in Fig. 6.5. Test I was stopped at stage 16 and the support 
moments are 317.9 kNm for U4A and 316.8 kNm for U4B. The lateral deformations 

measured at this stage show the obvious distortional lateral buckling modes nearly 
symmetrical about the central section for U4A, as shown in Figs-6.4 and 6.5. The 
difference of strength between the two beams results mainly for differences in their 
initial imperfections. 

Figs 6.6 and 6.7 show the curves of transverse rotations against the support 
moments of beams U4A and U4B in test I when the specimen was unbraced except 
at the support section. The positions of the measurements are at sections 600 mm 

away from- the central support section. One can find that the transverse rotations 

of the top flanges and the slab are much smaller than those of the bottom flanges. 

In test 2, the beams were stabilized by cross bracings at two sections each side 

of the central support section. The ultimate strength of the beams is governed by 

a complex interaction between distortional lateral buckling and local web buckling. 

At load stage 21 U4A had more loading then U4B, which caused a discrete gap 

between U4A and U4B in moment-rotation and moment- deflection curves (Figs. 6.1 

and 6.2). Possible reasons for this may be by mistakes in loading sequence and also 

the beginning of yielding in the steel. Buckling initiated at load stage 23, and the 

maximum recorded support moments are 405.7 kNm for beam U4A and 405.4 kNm 

for b, earn U4B at load stage 24. 

Fig. 6.8 shows the variation of in-plane bending strains in the bottom flanges 

along beams U4A and U4B. 

The measurement of strains in the bottom flanges also illustrates compression 

forces of the bottom flanges and in-plane bending induced by lateral buckling. 
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Figs. 6.9 and 6.10 show the curves of mean compression strain in the bottom flanges 
of specimen U4 against the support moment and Figs. 6.11 and 6.12 show the curves 
of in-plane bending strains against the support moment in the same places of beams 
U4A and U4B. They were measured from the same strain gauges from which, the 
bending strains in Fig. 6.3 were measured, positioned at 300 mm away from the 
support section and arranged in pairs as shown in Fig. 5.12. 

Lateral movements of the bottom flanges were restrained at the braced posi- 
tions, and lateral deformations were distributed in four regions separated by the 
braced sections as shown in Fig. 6.13. Compared with beams without cross brac- 
ings(Fig. 6.5), the length of buckling region is reduced because of lateral restraints 
to bottom flanges. 

Similar to Figs. 6.6 and 6.7, Figs. 6.14 and 6.15 show the curves of the transverse 

rotations against the support moment in beams U4A and U4B, at the positions 600 

mm away from the supports in test 2. 

Local web bucklings were observed near the support regions for both beams at 

stage 24. For beam U4A, there was inward web buckling in the left side and outward 
buckling in the right, and for beam U4B, the web buckled outward in the left and 
inward in the right side. 

Development of web distortion is shown in Figs. 6.16 and 6.17, in which the web 
distortion is defined as difference of strains of a pair of strain gauges bonded onto 

the each side of the web, positioned at 40 mm from the top flange and 800 mrn and 

2000 mrn from the central support. The effect of local buckling is eliminated at this 

position. It is found that large web distortion started at stage 23 or 24, nearly as 

the same as when lateral buckling occurred. 
Fig. 6.18 illustrates the lateral buckling shape of the bottom flange and the local 

web buckling near the support section of the beam U5B. 

The initial cracks of the slab appeared near the central support at an early 

stage in test 1, and the subsequent parallel cracks developed with a spacing about 

150 mm, which was the spacing of the transverse reinforcement. This reveals that 

formation and positions of the cracks are related to the reinforcement arrangement. 

The crack pattern is also illustrated in Fig. 6.18. 
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6.3.2 Specimen U5 

Fig-6-19 shows the moment-rotation curves of U5A and U5B. The numbers in the 
figure represent the corresponding load stages. 

The dash point line represents predicted deformation by the cracked (EI,, ) 

method. At the calculated yield moment, the predicted rotations agree well with 
the test results. 

In the first part of the test, lateral buckling initiated at stage 10, in beam U5B, 

when the support moment was 315.9 kNm (0.9 Mb) as illustrated in Fig. 6-20, in 

which the in-plane bending strain increased fast at the bottom flange close to the 

support. The beams were loaded up to stage 12 when the support moments were 362 
kNrn in U5A(1.0 My,, and 358.7 kNm in U5B(l. 02Myb) at which local web buckling 

was observed near the support in the both beams. However no lateral buckling was 
found in U5A in the first part of the test. 

In the second part of the test, because the web panels near the support section 

were strengthened by equally spaced vertical steel angles in a way as shown in 

Fig. 5.7, the resistance to local buckling in the web panels was therefore enhanced, 

and the beams were loaded starting from stage 20 up to stage 29 when yielding 

occurred at the sections near the central support. The lateral buckling initiated at 

stage 26, about the same value of the moment as before in U5B as shown in Fig. 6.20, 

accompanied by severe out of plane deformation of the strengthened web panel near 

the support. The local flange buckling was also observed at U5A, near the support, 

which involved a mixed interactive buckling mode with lateral flange buckling. 

The mean values of the maximum deflections at the ends of the beams reached 

at the tests were 100.33 mrn for U5A and 100.34 mm for U5B. The mean values 

of the deflections at the maximum loading (stage 34) were 70.27 mm and 70.17 for 

U5A and U5B respectively, compared with the values of 47.3 mm and 47.8 mm at 

stage 12, when yield moment was reached at the support. The mean values of the 

corresponding longitudinal rotation 0 (Fig. 6.19) were 36.6 mrad and 36.2 mrad at 

stage 34 and 48.1 mrad and 46.9 mrad at stage 46. The relevant values are given in 

Tables 6.3 and 6.4. 

Transverse rotations of the bottom flanges of the beams are illustrated in Fig. 6.21. 

The lateral buckling in U5A was concentrated only in the left side of the beam adia- 
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cent to the central support section. The half buckling wavelength of U5A is shorter 
than that of U5B and it is an interactive buckling mode of local flange buckling 
and overall buckling, in which the local flange buckling dominates. The obvious 
local flange buckling was observed at stage 34. The relevant values of the transverse 
rotations in the bottom flanges of beams U5A and U5B are given in Tables 6.5 and 
6.6. The positions RI to RIO are illustrated in Fig. 6.22. 

Fig. 6.23 shows separately the moment-rotation curves of the four cantilevers, to 
distinguish failure modes of different parts of the U5 beams. The moment-rotation 
curve of the right side of U5A, where the web has single sided stiffeners at spac- 
ing of 0.6 m, shows that the rotation increased with the support moment up to 
the maximum value attained in the test, then reduced elastically as the moment 
decreased, leaving a permanent rotation caused by the slab cracks and steel yield- 
ing. There is no sign of buckling on this side of the beam. On the other hand, the 

moment-rotation curve of the left side of the beam(U5A), where the web has double 

sided stiffeners at spacing of 1.2 m, shows that the rotation still increases when the 

moment drops from its maximum value so that it corresponds to a characteristic 
beam failure. The curves are consistent with the transverse rotation patterns of the 

bottom flanges shown in Fig. 6.21, with lateral buckling concentrating at the first 

stiffened panel adjacent to the central support on the left side and no sign of lateral 

buckling on the right side. 
The moment-rotation curve of the right side of U5B, where the web has single- 

sided stiffeners at spacing of 0.6 m, appears stiffer than that for the other side of 

the beam, with double sided stiffeners at spacing of 1.2 m. The difference may be 

caused by the fact that the strengthened web panel on the left side is weaker than 

on the right side. As shown in Fig. 5.7, the strengthening angle at distance of 0.6 

rn from the central section on the left side is weaker than the stiffener at the same 

distance on the right side, and hence, yielding develops faster on the side with the 

weaker panel. The rotation flexibilities of the two sides of U5B beam are different, 

which reflects the different failure buckling. For the left side of the beam, the web 

panel was not strong enough, and the strengthening angles cannot prevent severe 

out-plane deformation developing further towards to the rest of the web panel, while 

for the right side of the beam, the local web buckling is effectively stopped by the 
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first stiffener at 0.6 m from the central section, and hence the out-plane deformation 
is basically within the first stiffened panel. This is well illustrated in Fig. 6.24, 
which shows the contours of the web panel near the central support section(M). 
The contours of out-plane deformation for U5A are given in Fig. 6.25, which shows 
that there is no sign of local web buckling on the right side (very small out-plane 
deformation as compared with the left side). The out-plane deformation pattern on 
left side is also different from that of left side of U5B, although they are all stiffened 
doubly sided at spacing of 1.2 m. 

The measurements of lateral displacement were obtained from eight LVDTs 

spaced at 0.3 m near the central section each side. Fig. 6.26 shows the results. 
It represents the relative lateral movement of bottom flanges of the two parallel 
beams(U5A and U5B). Corrections were made to eliminate the errors introduced 
by the transverse rotation of the bottom flanges. The absolute lateral movements 
of the beams are illustrated in Fig. 6.27, in which the lateral displacement of U5A is 
based on the reading of four dial gauges near the central section. 

The slip between the slab and the top flanges of the steel beams was everywhere 
less than 0.05 mm. 

Fig. 6.28 show the relative transverse rotation between slab and top flange at 
four locations above the stiffeners closest to the central section of the U5 beams. At 

stage 29 (or initially at stage 27), there developed a great transverse rotation at the 

connection between the slab and the steel for beam U5B. 

Table 6.7 gives the measured strains in the studs above the stiffeners in beam 

U5B. The positions of the strain gauges are illustrated in Fig. 5.16. 

A better illustration of the transverse rigidity of the shear connection for this U- 

frame is shown in Fig. 6.29, in which the difference of strains in the two studs of the 

pair 4 (directly above the double sided stiffener shown in Fig. 5.16) is plotted against 

the relative transverse rotation between the slab and the top flange (transverse shear 

connection). Prior to stage 27 the rotation is very small. From stage 27 to stage 

35, it increases in proportion with the transverse bending increment, represented 

by the difference of the strains in these two studs, while at stage 36, the rotation 

increases very very fast up to stage 42. The sudden increase in the flexibility of the 

connection shows that failure of concrete occurred around the shear connectors. As 
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stage 36 was after the maximum loading, the moment-rotation curves go into the 
falling branches. No further full set of readings was taken until stage 42, when the 
moment at the support section had dropped from 1.2 My,, to 1.1 My,, for U5A and 
from 1.16 Myb to 1.04 Myb for U5B. 

Fig-6.30 shows the strain differences in the three pairs of studs (pairs 3,4,5 

shown in Fig. 5.16) against the support moment for beam U5B. These studs position 
above the stiffener, which is double sided and closest to the support' section. The 

transverse bending induced by lateral buckling of the bottom flange is transmitted 

via the studs to the slab. Because the studs are fully embedded in the concrete before 

shear failure of the concrete around the connection, the transvese bending resisted 
by the studs does not equal to the total transverse bending of the U-frame. The 

solid line in Fig. 6.30 represents the curve for the middle studs (pair 4 in Fig. 5.16) 

and the dash lines represent the curves for the two adjacent pairs of studs (pairs 3 

and 5). It is found that at the location of a discrete U-frame, the middle pair of 

studs subject to much more transverse bending than the adjacent pairs of studs, 

especially when lateral buckling occurs and thereafter. This is because these studs 

are right above the position of a stiffener, so that thay are stiffer than the adjacent 

studs. It agrees with the test results by Molenstra [78], that the closer the studs are 

to a stiffener, the more transverse bending moment they subject to. 

Similarly, the strain differences in the two pairs of studs (pairs I and 2) above the 

single sided stiffened U-frame are plotted against the support moment in Fig. 6.31. 

The web distortions are illustrated in Figs. 6.32 and 6.33, in which the differences 

of strain in four strain gauges are plotted against the support moment for each 

beam. Similar to those in the specimen U4, the strain gauges were bonded beyond 

the region of local buckling, (0.9 m from the central section for the nearest strain 

gauges), and 60 mm from the top flanges. The results show that web distortions 

were accompanied by lateral buckling, and vertical web stiffeners reduced the web 

distortion compared with the specimen U4, particular at those locations further 

away from the support sections, and hence improved the lateral buckling strength. 

The transverse crack patterns of the slab in the specimen U5 are similar to 

those for the specimen U4, parallel and with spacing about equal to that of the 

transverse reinforcement. However, short longitudinal cracks were formed at the 
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locations above the stiffeners close to the support section in the specimen U5B. 
This is illustrated in Fig. 6.34. 

6.4 Summary of the test results 

To summarize the test results, Table 6.9 give the support moments at initial buckling 
Mint and at maximum loading M,,,,,. The corresponding deflections, 6ini 

and 

are, also given. In Table 6.9, Ib is the length of buckling regions measured in the 

tests, and it reveals different dominating buckling modes. 
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Table 6.1: Classification of cross- section (U4 and U5) 

_method 
Af Af, Aw Aw3 

EC4 7.25 9.0 107.0 95.3 

Table 6.2: Moment resistances of the specimens(U4 and U5) 
specimen My MV Md Md Md 

mehtod EC4 Weston SCI 
kNm kNm kNm kNm kNm 

U4A 362 503 192 210 184 unbraced 
U4B 356 499 189 205 181 unbraced 
U4A 256 329 268 braced 
U4B 253 317 261 braced 
U5A 362 497 
U5B 351 487 
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Table 6.3: Support moments and end deflections(U5) 
Stage 
No. 

ma 

kNm 
6al 

mm 

6ar 

mm 

A 

kNm 
6bl 

mm 

6br 

mm 
0.0 0.0 0.0 0.0 0.0 0.0 

0 44.1 1.8 1.4 44.1 1.8 1.4 
1 86.2 5.1 4.9 90.9 5.0 4.9 
3 141.8 11.6 11.5 141.8 11.7 11.3 
6 193.1 19.7 19.5 190.4 20.0 19.8 
9 290.8 35.4 35.7 290.1 35.3 35.2 
10 319.6 39.7 39.8 315.9 40.1 39.9 
11 347.6 44.4 44.2 339.3 44.7 44.5 
12 361.8 48.0 48.2 358.7 48.0 47.9 
20 46.2 12.9 13.0 44.2 13.2 12.7 
23 193.6 30.2 30.4 192.4 30.5 30.3 
24 240.6 36.1 36.3 239.9 36.1 36.1 
25 292.7 42.4 42.4 290.5 42.3 42.3 
26 339.7 48.1 48.5 336.7 48.2 48.2 
27 365.2 51.5 52.0 358.3 51.8 51.4 
28 385.6 55.3 55.5 378.9 55.3 55.3 
29 397.5 57.9 58.0 386.9 5) 7.7 57.8 
31 421.0 63.9 64.0 403.7 63.9 63.9 
32 428.2 67.2 67.2 404.5 67.3 67.2 
34 433.9 70.2 70.2 406.8 70.2 70.1 
36 423.9 74.2 74.4 401.3 74.3 74.2 
40 412.2 80.3 80.4 389.8 80.4 80.3 
42 398.6 85.8 85.7 365.0 85.7 85.7 
46 359.8 100.3 100.3 296.5 100.3 100.3 
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Table 6.4: Longitudinal rotation 
Stage 
No. 

Oal 

mrad 

Oar 

mrad 

ON 

mrad 

Obr 

mrad 
0 0 0 0 

0 0.6 0.6 0.5 0.5 
6 5.1 5.6 5.2 5.2 
9 9.4 9.8 9.5 9.6 
11 12.0 12.2 11.9 12.0 
12 12.8 13.2 12.9 13.0 
19 3.5 3.5 3.3 3.3 
20 3.6 3.4 3.4 3.0 
24 9.7 9.8 9.9 9.4 
25 11.3 11.5 11.5 11.4 
27 14.0 14.0 14.3 13.8 
29 15.6 15.5 16.1 14.8 
31 17.6 16.5 18.1 15.6 
32 18.8 16.9 19.1 16.2 
34 19.5 17.1 19.8 16.4 
36 21.9 17.1 21.2 17.1 
40 24.1 16.9 23.1 17.5 
42 28.4 16.3 25.8 18.3 
46 32.2 15.9 27.7 19.2 
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Table 6.5: Transverse rotation of the bottom flanue (IJ5) 
U5A RI R2 R3 R4 R5 
Stage No. mrad mrad mrad mrad mrad 

0 0 0 0 0 
6 -0.5333 -0.1000 1.1000 0.0333 3.6333 
9 -0.7667 -0.2333 1.3333 -0.2333 2.6333 
11 -0.4667 0 1.4333 -0.9000 9.7000 
12 -0.7000 -0-1667 1.2000 -1.2667 11.5667 
20 -0.9333 -0.7000 -1-1333 -1.3667 0.8000 
24 -0.2000 0.1333 1.2333 -0.0333 1.4667 
27 -0.4667 0.1000 1.5333 -0.2000 5.0667 
29 -0.1333 0.3667 1.7667 -1.0333 7.4000 
31 -0.1333 0.4667 1.2333 -2.1667 11.2000 
32 -0.1333 0.6000 0.8333 -3.0000 13.9000 
35 0.0333 0.7000 0 -3.7333 17.7000 
36 -0-1667 0.5333 -0.1333 -3.8000 21.2333 
42 0 0.4667 -1.5000 -4.3333 35.7000 
U5B RI R2 R3 R4 R5 

0 0 0 0 0 
6 -0.0233 0.0033 -0.1267 0.0367 -0.0067 
9 -0.2667 0.2667 -1.4333 0.5667 0.4000 
11 -0.7000 0.0667 -1-9000 0.9000 0.7667 
12 -0.5000 0.1667 -1.8333 1.3000 1.4333 
20 0.2000 0.2667 0.4000 0.5333 0.9667 
24 -0.3333 0.0667 -1.3000 0.4000 -3.8333 
27 -0.6000 0.1333 -2.0000 1.9333 -2.6667 
29 -0.9667 -0.2333 -1.9333 4.2000 -0.6667 
31 -0.7333 -0-5000 -1.1667 4.9333 2.2333 
32 -0.8333 -0.7667 -0.3000 10.3000 4.2667 
35 -1.1333 -1-1000 0.7333 13.6333 6.1000 
36 -0.7333 -1.2000 1.5333 15.7000 7.1000 
42 -1.3000 -2-8000 8.4000 30.9000 17.7000 
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Table 6.6: Transverse rotation of the bottom flanLire (TT5) 
U5A Centre R6 R7 R8 R9 RIO 
Stage No. mrad- mrad mrad mrad mrad mrad 

0 0 0 0 0 0 
6 0 0.7667 0.3333 1.0667 -0.0333 0.5333 
9 0.1000 1.5333 0.4667 1.7333 0 1.0000 
11 0.1000 2.2000 0.5333 2.4333 0.3000 1.5333 
12 0.1667 2.5000 0.5667 2.6333 0.2667 1.4333 
20 0 0.4333 -0.0333 0.1333 0.2000 0.1333 
24 0.2000 0.7000 0.3333 0.7667 -0.2333 0.7000 
27 0.3667 1.3333 0.4000 2.1333 -0.0333 1.3333 
29 0.7333 1.0333 0 2.3333 -0.1667 1.3000 
31 0.6667 1.7333 -0.0667 2.4000 -0.2667 1.4333 
32 0.8000 1.6667 -0.3667 2.4333 -0-1667 1.6000 
35 0.8667 0.4000 -1.7333 1.9667 0.1667 1.7333 
36 0.9000 -0.4333 -2.5333 1.7000 0.2333 1.7667 
42 1.6333 -5.0667 -6.6333 -0.2667 0.7333 1.7000 
U5B Centre R6 R7 R8 R9 RIO 

0 0 0 0 0 0 
6 -0.0100 -0.0467 -0.0700 0.0300 -0.0367 0.0333 
9 -0.1333 -1.0667 -1.5667 0.4000 -0.6667 0.2333 
11 -0.2667 -1.6667 -2.7000 0.7333 -1-5333 0 
12 -0.2333 -2.0333 -2.2667 0.9333 -0.6333 0.1000 
20 -0.1000 -0.6333 -0.9667 -0.4667 -0.5000 -0.5000 
24 0 -1.1667 -0.7667 0.5667 -0.0667 0.6000 
27 -0.1333 -1.6667 -1.8667 1.2333 -0.3000 0.3000 
29 -0.1667 -3.8000 -2.7000 2.0667 0.1000 0.5667 
31 -0.1667 -7.9333 -4.0333 2.8000 0.4667 0.5000 
32 -0.2667 -10.3000 -4.8000 3.1333 0.6667 0.4333 
35 -0.3000 -15.7667 -6.0667 3.3333 0.8333 0.3667 
36 -0.3000 -18.0000 -6.9667 3.4667 0.9667 0.3667 
42 -0.4000 -30.0667 -11.9667 3.4667 1.8333 0.4333 
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Table 6.7: Measured strains in studs (U5B unit = pc) 

Stage No. 1 2 3 4 5 6 
0 0 0 0 0 0 

0 0.7000 0.1000 1.3000 -5.9000 -4.6000 -0.7000 
1 18.8000 7.3000 10.5000 6,5000 -2.5000 4.5000 
2 113.1000 56.1000 9.3000 0 -6.4000 10.5000 
5 146.9000 63.3000 68.3000 15.5000 -30.7000 12-8000 
6 250.0-000 169.5000 30-1000 19.3000 -54.7000 22.6000 
7 317.3000 224.1000 -7-1000 26.2000 -104.0000 6.4000 
9 376.6000 261-1000 -35.4000 39.6000 -146.4000 -18.3000 
10 407.1000 279-5000 -40.8000 150.1000 -157.8000 -18.3000 
11 432.0000 297.1000 -47.7000 60.2000 -170.9000 -26.8000 
12 467.3000 321.1000 -54.8000 70.3000 -185.2000 -35.2000 
19 315.3000 163.0000 -7.0000 9.3000 -77.8000 -63.9000 

x I. Oe+03 x I. Oe+03 x 1.0e+03 x 1. Oe+ 03 x I. Oe+03 x I. Oe+03 
20 0.3153 0.1630 -0.0070 0.0093 -0.0778 -0.0639 
22 0.4893 0.25-90 -0.0258 0.0202 -0.1622 -0.0900 
23 0.5347 0.2905 -0.0464 0.0207 -0.1942 -0-0958 
24 0.5820 0,3244 -0.0708 0.0156 -0.2172 -0.1125 
25 0.6305 0.3574 -0-0875 0.0140 -0.2253 -0-0988 
26 0.6849 0.3951 -0.1086 0.0139 -0.2307 -0.0997 
27 0.7247 0.4212 -0.1126 0.0155 -0.2363 -0-1025 
28 0.7813 0.4575 -0.0922 0.0237 -0.2375 -0.1042 
29 0.8251 0.4872 -0.0525 0.0377 -0.2380 -0.1070 
30 0.8790 0.5199 -0.0046 0.0610 -0.2382 -0.1102 
31 0.9419 0.5492 0.0535 0.0902 -0.2345 -0.1071 
32 1.0246 0.5811 0.1140 0.1182 -0.2333 -0.1105 
34 1.3916 0.6436 0.2841 0.1374 -0.2310 -0-1508 
36 1.5200 0.6943 0.4003 0.2102 -0.2269 -0-1281 
39 1.8223 0.7638 0.5764 0.2670 -0.2120 -0.1204 
41 1.9487 0.8258 0.6925 0.3450 -0.1701 -0.0494 
42 2.0298 0.8766 0.7397 0.3833 -0.1453 0.0111 

44 2.1721 0.9878 0.8656 0.4756 -0.0653 0.0358 
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Table 6.8: Measured strains in studs (U5B unit = uc) 
Stage No. 7 8 9 10 

0 -1-6000 -0.7000 1.0000 10.5000 
1 -10.2000 11.0000 12.8000 9.5000 
2 19.8000 29.8000 42.4000 38.2000 
5 47.2000 69.2000 199.8000 166.9000 
6 31.6000 73.8000 224.9000 187.1000 
7 41.7000 75.8000 249.6000 201.9000 
9 60.3000 110.4000 299.4000 232.1000 
10 66.2000 152-3000 349.4000 263.8000 
11 40.8000 185.3000 370-5000 279.4000 
12 -9.7000 278.3000 397.6000 299.6000 
19 36.0000 276.7000 4255-3000 303.0000 

x 1.0e+03 x I. Oe+03 x I. Oe+03 x I. Oe+03 
20 0.0360 0.2767 0.4253 0.3030 
22 0.0518 0.3304 0.5961 0.4270 
23 0.0534 0.3450 0.6216 0.4467 
24 0.0478 0.3650 0.6494 0.4685 
25 0.0535 0.3807 0.6775 0.4907 
26 0.0357 0.4335 0.7050 0.5137 
27 -0.0123 0.5222 0.7218 0.5287 
28 -0.0809 0.6682 0.7451 0.5477 
29 -0.1527 0.7916 0.7598 0.5619 
30 -0.2174 0,9323 0.7820 0.5809 
31 -0.2859 1.0832 0.8058 0.5974 
32 -0.3599 1.2557 0.8178 0.6164 
34 -0.3769 1.4627 1.2830 1.0466 
36 -0.4518 1.7700 1.3033 1.0632 
39 -0.4580 1.9682 1.5689 1.3113 
41 -0.4271 2.0691 1.6195 1.3265 
42 -0.3854 2.0290 1.6768 1.3437 
44 -0.3452 1.9393 1.7871 1.3484 
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Table 6.9: Test results (U4 and U5) 
Specimen Mini 

kNm 
Mmax 
kNrn 

6ini 
mm 

6u 
mm 

lb 

mm 
U4A 218.4 26.0 4000 unbraced 
U4B 217.7 26.6 unbraced 
U4A 382.6 405.7 6 7. braced 
U4B 377.7 405.4 67.2 braced 
U5A 412.7 434.4 70.3 1200 
U5B 1 315.9 407.2 47.8 70.2 2000 
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Figure 6.18: Buckling shapes (U4B) 
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Figure 6.24: Local web buckling (U5B) 
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Figure 6.25: Local buckling (U5A) 
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Figure 6.26: Relative lateral movement of bottom flanges (specimen U5) 

123 



(mm 

5 

0 

-5 

-5 

0 

5 

----------- ----------- ------------ -- 

36 

I stiffener positions 

I 

20 

U5A 

U5B 

-2000 -1000 0 1000 2000 

beam length (mm) 

Figure 6.27: Absolute lateral movement of bottom flanges (specimen U5) 

450 

400 

350 

300 

250 

200 

150 

100 

50 

A 

36 
__32 

31 3; 36 
0 ------ 

0ý1, "*' 
-1 ,, - ------- 1 

042 
29 

27 ýfV 

o U5A (single sided stiffener) 
U5A (double sided stiffener) 

.. o.. U5B (single sided stiffener) 
24 4 424 U5B (double sided stiffener) 

20 

%J 

-10 -5 05 10 15 

relative transverse rotation between slab and top flange (mrad. ) 

Figure 6.28: Relative transverse rotation (specimen U5) 

124 



25 

2000 

1500 

1000 

I. 

rA 500 

02468 10 12 14 16 

relative transverse rotation between slab and top flange (mrad. ) 

Figure 6.29: Transverse rotation (specimen U5) 

0 

36 42 

35 

32 

31 

29 

27 

Zrk 
, +Z 

4C 

35 

'Ei 3C 

25 

Ei 2C 

oe 
15 

10 

5 

30 32 34 36 39 
28 

*** strain difference in the middle studs 

ooo strain difference in the adjacent studs 

0 500 1000 1500 2000 2500 

strain difference in studs F- ) 

Figure 6.30: Strains in studs (specimen U5B double sided) 

0 - 080 as 0 

0 

- 
4ý ,8001 

6 

0 - 

0 24 

0 --101 

0 

0 20 

125 



450 

400 

350 

300 

250 

200 

150 

100 

50 

0 

39 36 34 32 30 34 32 0 
8 

26 26 

stmin difference in the 

studs on the single sided 
24 24 

stiffened side (M) 

20 20 

-1200 -1000 -800 -600 4W -200 0 200 

stain difference in studs (ge) 
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Figure 6.34: Crack in the slab(U5) 
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Chapter 7 

0 Analysis and discussion of test 

results for specimens U4 and U5 

7.1 Introduction 

In this chapter, experimental errors of the test results are discussed and the test 

results are analysed, in particular, in relation to the effect of U-frame action on the 

strength of the specimens. 
Based on the test results given in Chapter 6, the general behavior of both spec- 

imens in the tests and their common features are discussed in detail. Comparisons 

are made between specimens U4 and U5 in terms of their load- displacement behav- 

ior and web distortion. The distinctive features in each test are then summarized 

and conclusions are drawn. 

7.2 Accuracy of the test results 

The experimental results presented in Chapter 6 can be divided into two groups: 

those of which have been derived directly from the test measurements, e. g. rotations, 

deflections and strains etc., and those of which have been calculated from the test 

measurements, for instance, moment resistances and support moments. 

The applied loads were measured by load cells. Two 100 kN and two 250 kN 

DATA-sense compression load cells were used in the tests. They were calibrated 

twice before and after tests, with mean values of loading and unloading. System 

eccentricities could be attributed to alignment errors resulting in unequal lever arms 

and loading out of plane. The net effect was believed to be less than I% of the 

measured support moments. 
The accuracy of the LVDTs, calibrated with standard slip gauges, was found to 

be ±0.01 mm, which was about the same as their repeatability. 

The accuracy of the dial gauges, measured with slip gauges, was also proved to 
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be ±O-01 mm, about the same as the repeatability of these instruments. 
The sensitivity of the strain gauges is ±Ipc. The strain gauges used on the steel 

beams are type PL-10 and PYL-10 (gauge length 10 mm and width 3 mm), and 
the ones used on the studs are type PL-5 (gauge length 5 mm and width I mm). 
Both types are temperature compensated (-20'C - +80'C). The strain gauges on 
the webs to pick the web distortion and the strain gauges on the bottom flanges 

were all arranged in such a way that the alignment errors of their positions could 
be minimized, when only the differences and mean values of strains in a pair of the 

strain gauges were of interest. 

The readings of strain and displacement measured by LVDTs were processed via 
the Schlumberger 3531D data logger. The data logger was claimed that the error is 

better than 0.15%. A separate check showed that the repetitive error is less than 

0.3%. In view of the magnitudes recorded, the system errors (less than 1%) owing 
to summations of the errors of the data logger and strain gauges, or LVDTs should 

not have effects on the test results. 
The measured sensitivity and accuracy of the 3 inch gauge length inclinometer 

with slip gauges, became as small as its repeatability in 0.03 mrad (0.03 mrad per 

division), since it was fairly easy to read the bubble sprit level to much less than I 

division. In view of the magnitudes recorded, the error in the rotation measurement 

is negligible. 
There are two evident sources of error in the measurement of the relative dis- 

placements in the bottom flanges: transverse rotations of the bottom flanges and 

the mismatch distance between the positions of the displacement monitors and the 

rotation monitors. The transverse rotations introduce errors of lateral displacement 

measurements. Corrections were made to minimize the errors, however, the trans- 

verse rotations used in the correction are interpolated from those of two adjacent 

positions and adjacent loading stage. Compared with the magnitudes of values, the 

errors are within 3%. 

The displacements picked up by theodolites have a poor accuracy of 0.5 mm, so 

that they are not reliable until there are large lateral displacements in the bottom 

flanges. However, the evaluation of initial imperfections are within an error of 2%, 

because the initial imperfection is divided by the length of a bow, which is about I 
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m. 
Errors in the calculated values of M. and M. are owing to the accuracies of 

measured dimensions and yield strengths. The yield stresses are believed to be 

within 1% of the true value, and the dimensions are controlled within 0.3%, so that 
the calculated values of Mp and M. are in error about ±1.1%. 

7.3 Analysis of the results 

7.3.1 Specimen U4 

Moment rotation characteristic 

At low load(M < 0.21%), the moment-rotation curves follow the elastic uncracked 
stiffness line, and then lie between the elastic uncracked and cracked stiffness lines 

because of tension stiffening. The maximum moment attained in the tests are beyond 

the yield moment, and the load began to drop soon afterward. Lateral buckling was 
found at stage 12 (M = 217.7 kNm(U4A) and M =218.4 kNm(U4B)) when there 

were no cross bracings other than at the support section. For beams with lateral 

cross bracings, lateral buckling was observed at stage 23( M= 382.6 kNm(U4A) 

and M= 377.7kNm(U4B)). 

Load-displacement relationship 

The load- deflect ion curves are similar to the moment rotation curves: elastic defor- 

mations at low load stages, large deformation developing beyond the yield moment, 

and drop of load after the maximum moment. 
The lateral displacements of the bottom flanges reveal initiation of lateral buck- 

ling. For unbraced beams, lateral buckling occurred at a lower load than local 

buckling. For braced beams, the interaction of lateral flange buckling and local web 

buckling was involved. The maximum moment attained was 1.13 Mv. 

Transverse rotations 

The relationship between load and transverse rotation of a bottom flange is similar to 

that between load and lateral displacements. Lateral buckling comes with rotation 
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of the bottom Ranges. Stability is improved by using lateral cross bracing to the 
bottom Ranges adjacent to the central section. This is illustrated by comparisons 
of Figs. 6.6,6.7,6.14 and 6.15. These Figures show the transverse rotations of the 
bottom flanges, the top flanges and the slab at the sections 600 mm away from the 

support s ection. According to the earlier numerical and experimental investigations 
[42,541, lateral buckling of a continuous composite beam is more likely to occur in 
these regions. When the beams were unbraced (Figs. 6.6,6.7), the bottom flanges 
initiated a big increase of the transverse rotation at a support moment between 200 
kNm and 250 kNm. This value increased beyond 350 kNm (Figs. 6.14 an 6.15) when 
the beams were braced in test 2. 

Strain measurement 

The measurement of strains in the bottom flanges illustrates both compression strain 
in the bottom flanges and in-plane bending induced by lateral buckling. Although 

there were only a few monitoring positions of strain gauges along the length of 
the beams, the distribution of the in-plane bending, which was caused by lateral 

buckling, prescribed a clear lateral buckling wave (Figs. 6.4 and 6.8). 

Comparing the curves of compression strain(Figs. 6.9 6.10)against load with the 

curves of in-plane bending strain (Figs. 6.11 and 6.12), it is found that when the 

specimen was braced, yielding started at nearly the same time as lateral and local 

buckling. 

The strains measured on the bottom flanges also give a value of the maximum 

compression forces reached in the bottom flanges of the beams with continuous 
U-frame restraints. 

The web distortion is illustrated by the out-plane bending strains of web, in 

a difference of strains between the two surfaces of the web at the same position. 

Large web distortion is involved when maximum load is reached. But at early stage 

of lateral buckling, the distortion is not significant. 

Effect of cross bracing 

Effective cross bracings are at locations close to the internal supports. This is illus- 

trated in the test when the specimen had cross bracings at two sections adjacent to 
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the central section. Compared with that of unbraced test (specimen U4), the lateral 

movement of the bottom flanges at locations of bracing is effectively minimized, and 
the beams are separated into four regions with shorter buckling wave lengths instead 

of the two regions with longer buckling wave lengths for unbraced beams. 
Basically, when bracing(to the bottom flanges) is introduced, a beam can be 

divided into several segments, and hence the effective length of the beam is reduced. 
The buckled shape involves deformation of all segments (see Figs. 6.8 and 6.13) and 
interactive buckling may occur between adjacent segments. 

Fig. 7.1 shows one span of a multi-span continuous beam, under uniformly dis- 

tributed loading, w. Besides being fully lateraly restrained at the internal supports., 
A and B, it is also braced at the sections C and D in its hogging regions. Assum- 

ing that the bracings at sections C and D can provide full lateral restraints to the 
beam, then the beam span is divided into three segments by two lateral braces in 

the hogging regions. Let L be the span between the two supports, and Lb be the 

distance between the supports and the braced sections. It is assumed that the de- 

sign method to distortional lateral buckling in Eurocode 4 [1] is applicable in each of 
the segments. Clearly, two critical moments M,,, andMcr2 7 that govern segment I 

and segment 2 will be different, depending upon the spacing of the bracings and the 

moment gradients. Since the theory, on which the method of Eurocode 4 is based, 

takes no account of restraint of one segment by the continuity of the bottom flange 

into adjacent segments, the actual critical moment Mc, *, that governs the whole 

span of the beam will be expected to lie between the values Mc, 1 andMcr2 for any 

given location of bracing. 

A plot Of Mcri andMcr2 against Lb is given in Fig. 7.2 for a pair of beams with 

the cross section of specimen U4. The beams are subject to uniformly distributed 

loading as shown in Fig. 7.1. The elastic critical moment M, is calculated by the 

Eurocode 4 method [1]. Full lateral restraints at the bracing sections are assumed., 

so that the span of the beams is divided into three segments by the two cross bracing 

sections at Lb from the supports. The ratio of the support moment to wL 2 /8, or 0 

referred in the EC4 design method to lateral buckling is 0.889. This is calculated 

from a span of 15 m, span-depth ratio of 24 (15 m /0.628 m) and a hogging length 

of 5m for specimen U4. 
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The ordinate of the plot gives the maximum moment at the support section, 
that corresponds to the elastic critical moment, M, of either segment I or segment 
2. The abscissa gives the variation of bracing length, Lb. Two curves of M,, -Lb are 
given, and they corresponds to segments I and 2, of a beam with the cross-section 
of specimen U4. The two curves intersect at a bracing length about 0.9 m, which 
means that no interaction occurs between the two adjacent segments. When Lb 
is smaller than 0.9 m, segment I will restrain segment 2 and the effective length 

of segment 2 will be less L2 as shown in Fig-7.1. When Lb is greater than 0.9 m, 
segment 2 will be more stable and hence restrain the segment I. 

Fig. 7.2 shows that segment 2 is more stable than segment I for specimen U4 

with cross bracings at 1.6 m and 1.2 m away from central support each side. 0 
In the above discussion, the bracing is assumed to have sufficient strength and 

stiffness when the Eurocode 4 method is used. 
If Lb is zero, the buckling moment of unbraced beams is obtained. When spec- 

imen U4 is unbraced, its elastic buckling moment is given by the horizontal dash 

line in Fig. 7.2. One can find that with increasing of Lb segment 2 becomes more 

and more stable, but the buckling moment for segment I appears to drop below 

the buckling moment for unbraced beams. This is due to the conservative approx- 
imation made in the derivation of the Eurocode 4 method, that the continuity of 

the bottom flange at an internal support is not taken into account. Obviously, a 
beam will be more stable when it is braced than when it is unbraced. Therefore, 

the elastic critical moment for the whole span of the beam is more likely between 

the upper curve (M,, for the more stable segment) and the horizontal curve (M,, 

for the unbraced beam). 

Local web buckling 

The web is in Class 4, and the flange is in Class I in accordance with the draft 

Eurocode 4 [1]. 

The moment gradient has less effect on local buckling, because the region of the 

local buckling is very short as compared with the length of hogging region, i. e. 0.513 

m/ 5 rn (depth of the steel section/hogging length of U4). Local web buckling only 

occurred at the web panels near the supports when the support moment was beyond 
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the yield moment. No local buckling was observed in the flanges. 

This test evidence raises the argument that cross-sections with a slender web 
(Class 4) and compact flanges (Class 1) in composite beams is more likely subject 
to a yield stress level before local buckling. 

7.3.2 Specimen U5 

Moment rotation characteristic 

The moment rotation curves are similar to those of specimen U4, at low load, follow- 

ing the uncracked stiffness lines and then lying between the cracked and uncracked 

stiffness lines. The maximum moments attained are beyond the yield moment. Lat- 

eral buckling occurred at a moment 40% higher than that of specimen U4 when 

unbraced, and at about the same bending moment when specimen U4 was cross- 

braced. 

The mean value of rotation at the maximum load, 36.4 mrad(stage 34), is ap- 

proximately equal to that of specimen U4(at stage 24). 

Assume that the specimen is free of lateral buckling, then its strength will be 

governed by local buckling in the hogging regions near its supports. For a cross- 

section of Class 4 (near the Classes 3/4 boundary), local buckling would occur when 

the yield moment is reached at the support sections. Because the maximum moments 

at the support section were over the yield moment by 10% to 20% in the tests, it is 

concluded that lateral buckling did not affect the ultimate bending strength of the 

specimen, and the ultimate strength of specimen U5 was governed by local buckling 

rather than lateral buckling. 

Load displacement relationship 

The load deflection relationship is similar to the moment rotation curves, with three 

distinct states: pre-buckling linear state, buckling-yield state, and post-buckling and 

post-yield state. 

The mean value of deflection at the maximum load is about 70.2 mm, and the 

maximum deflection is 100.3 mm when the moment drops at 0.89 Mv(U5B). 

The load and lateral displacement curves reveal the initiation of lateral buckling. 
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Compared with those of specimen U4, the lateral instability is improved by adding 
the vertical web stiffeners along the beam length. 

The curves of relative displacement of the bottom flanges of the twin beam 

against load also reveal the initiation of lateral buckling of the U-frame beams, and 
the distribution of lateral displacement when buckling occurs. The lateral displace- 

ment mainly concentrates close to the support section. 

Transverse rotation 

The transverse rotations of the bottom flange vary with load in a similar way to 
lateral displacements. Lateral buckling was found at regions close to the support sec- 
tion. Compared with the test results of specimen U4, the length of lateral buckling 

shape is greatly reduced. 
The difference between transverse rotations of the top flange and the slab of 

specimen U5 reveals a relatively flexible connection, as compared with that of spec- 

imen U4, the beams with continuous U-frames. When lateral buckling occurs, trend 

of lateral movements of the bottom flange is subject to the restraint of the discrete 

U-frames, hence inducing a large U-frame force. This is illustrated in the curve 

of the relative transverse rotation against strain difference in the studs above the 

stiffeners (Fig. 6.29). 

The stiffness and strength of the U-frame connection are further investigated in 

the next chapter. 

Strain measurements 

Strain measurements of the bottom flanges illustrate the in-plane bending induced by 

lateral buckling. They are more sensitive than other measurements, and continuous 

readings by data logger are also available. The in-plane bending strain is the best 

source of information on the initiation of lateral buckling. 

The web distortions are also illustrated by strain differences measurements along 

the beam length. For specimen U5, large web distortion was involved after lateral 

buckling only in a region closest to the support section, and this is different from that 

of specimen U4, the beams with continuous (unstiffened) U-frames. Web distortion 

was effectively reduced by stiffeners at locations further away from the stiffeners 
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that are closest to the support section, so that it suggests that the most effective 
stiffeners are those closest to the support section in the hogging regions. 

Local buckling 

Basically, local web buckling occurs when the support moment is beyond the yield 
moment. The web panel may deform either inward or outward when local buckling 

occurs. However, the welding of angles to the outside surface only may have induced 
the inward deformation in the web panels between the double sided stiffeners. For 
the single sided stiffened side, as the stiffener spacing is closer, local web buckling 
deformation is reduced. 

The flanges of specimen are in Class I in accordance with the draft Eurocode 4 
[11, and in absence of "disturbance" from web and from lateral buckling, they should 
be able to yield over a significant length (e. g. at least about its width), and also to 

strain harden a little, before loss strength from local buckling. 

However, flange local buckling was observed in the side with double sided stiff- 

eners of beam U5A, so that that flange must be disturbed. The reasons that local 

buckling of the flange is only in this location may be the differences of geometrical 
dimensions and stiffener spacing as well as the way of welding. Fig. 7.3 illustrates 

the details at the location of flange local buckling. The out flange is about 15% 

more slender when a weld is omitted from point A than that of the other side. This 

has a significant effect on the flange local buckling, since the torsional resistance 
from one weld is less than than the resistance from two welds. For the side with 

closer single sided stiffeners, local web buckling deformation is restricted by stiffen- 

ers and strengthening angles, but for the side with sparser double sided stiffeners, 

the strengthening angles restrict the web distortion less and cause a concentrated 
local stress field, which interacts with the tendency of the bottom flange to move 
laterally, inducing the flange buckling. 

Although U5B would have same situation, the difference in the width of bottom 

flanges between U5A and U5B is 3.3%, and the alignment in fabrication of beam 

U5B also made the out flange 10% less slender on the side without weld. This is the 

reason that no local flange buckling occurred in the beam. 
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Crack patterns on the slab 

The transverse crack patterns are similar for both specimens U4 and U5. 
. parallel 

at a spacing about 150 mm. However, longitudinal cracks were found in the slab 
after the maximum loading in specimen U5, at the location above the double sided 
stiffener, which is closest to the support section. This reveals that concentrated 
moments induced by U-frame forces occurred at positions of the stiffeners in the 
beams with discrete U-frames. 

7.3.3 Predictions of lateral buckling resistance 

From previous chapters, it is found that methods of Eurocode 4 [1], SCI [49] and 
Weston and Nethercot [44] give good predictions of lateral buckling resistance for 

specimen U4. This compliments earlier investigations by Johnson and Fan [541, to 

continuous U-frames with rather compact cross-sections (Class 2) so that these de- 

sign methods are also applicable to the beams of slender sections (Classes 3/4) with 

continuous U-frame action. However, no methods are available so far for composite 
beams with discrete U-frames. 

For beams with cross bracings, the method of Weston and Nethercot is not 

applicable, because it is based on a model with uniformly distributed loadings. The 

prediction by the method of Eurocode 4 is reasonable, which is based on a beam 

with full lateral restraint from the bracings. The elastic critical moment W,, lies 

between the two values of critical moment of the two adjacent segments. 

The lateral buckling resistance, or the characteristic moment, Md is then calcu- 

lated in accordance with the design curves in Eurocode 4 [1]. 

7.4 Discussion of test results 

In the test on U4 (unbraced), when lateral buckling first appeared at stage 12, 

the beams could be still further loaded even beyond stage 16, at which test I was 

stopped. When the beams were cross braced to the bottom flanges in test ').. lateral 

stability was improved, and lateral buckling did not occur until stage 23. at which 

the support moments were approximately equal to the yielding moment. but the 

maximum moment (at stage 24) was attained only after severe local web buckling 
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near the support section. 
For the stiffened specimen U5, evidence of lateral buckling at stage 10 (before 

the web panels were strengthened) did not limit the further loading capacity of the 
beams. Lateral buckling was observed in beam U5B before the maximum moment 
was reached. 

It is found that for both specimens U4 and U5, although lateral buckling initiates 

at different levels of loads, and further interacts with local buckling, their moment 
rotation curves are still very similar. In both specimens, the maximum moment. 
Mm,,, is greater than the yield moment, at which local buckling will occur for a 
beam with Class 4 cross-sections, and therefore the design to the ultimate strength 
of both specimens is governed by local buckling. 

A comparison of the maximum moments shows that beams U5A and U5B have 

the ultimate moment strength 0.5%(U5B) and 7%(U5A) over those of specimen 
U4, which is attributed to the web strengthening angles at the web panels near the 

support section. 
Fig. 7.4 shows three basic lateral buckling shapes of the bottom flanges found in 

the tests. 

The first form of lateral buckling shapes is an even sine shape over the whole 

cantilever length, when beams were unstiffened and unbraced. This is illustrated by 

the lateral displacement and transverse rotation distributions of the bottom flanges 

in the test on specimen U4 when it is unbraced. (Fig. 6.5 for instance). 

The second form of lateral buckling shape is as the four lateral deformation 

regions separated by three cross bracing sections (including the support section), 

when the beams were braced to the bottom flanges(Figs. 6.8 and 6.13). The lateral 

deformations (displacement or transverse rotation) in the two adjacent regions to 

the support section were large compared with those of other parts of the beams. 

This reveals the dominent role of buckling in these regions. 

The third form of lateral buckling shape is the concentrated lateral deformations 

close to the support section when beams are stiffened in discrete U-frames along the 

beam length. Lateral displacement was found to concentrate within the regions of 

one to two U-frame spacings for the double stiffened side and two to three U-frame 

spacings for the single stiffened side (Figs. 6.21 and 6.27). 
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The test on specimen U4 with cross bracings at two sections adjacent to the 
support, shows that the dominating lateral buckling was in the regions close to 
the support. The lateral displacement of the bottom flanges in the other regions 
also contributed to the interactive mode of buckling. But in specimen U5, the 
intermediate vertical stiffeners together with the slab act as discrete U-frames, which 
are obviously less stiff at the corresponding positions than the bracings, therefore 
stiffeners along the beam length minimize the lateral deformation, as compared with 
that of the unstiffened specimen U4. 

Another prominent evidence of the test results is the magnitude of web distortion. 
Web distortion is involved wherever there is lateral displacement in the bottom 
flanges, but the significant web distortion was found only when ultimate moment 
strength was reached. The web distortion is greatly reduced at locations further 

away from the central support in the stiffened beams U5. But, for the unstiffened 
beams U4, there is no obvious difference in web distortion along the beam length. 

Concentrated transverse moments were found to act on the shear connection 
above the stiffeners. The measurement of strain in the studs above the stiffeners 
closest to the support showed that more than 80% of the transverse moment was 
transmitted via the studs right above the double sided stiffener, which created a 

worse stress situation in the slab, than if all these adjacent stud pairs had shared 
the moment equally. A better transmission could be realized by not placing studs 

right above a stiffener, so that the transverse moment would be shared by the studs 

adjacent to the stiffener. This arrangement had been used on the side with single 

sided stiffeners. Although distortional lateral buckling was found on both double 

and single stiffened sides in U5B, longitudinal cracks, which were the sign of a shear 

connection failure, were only observed on the double stiffened side. 
The measurement of strain in the studs on the two sides of the beam U5B 

suggests that magnitude of the maximum transverse moments induced by U-frame 

forces may be proportional to the stiffness of the discrete U-frames. Assuming that 

the transverse moment at the location of a stiffener is proportional to the summation 

of the transverse bending strains via the studs, then at the ultimate stage (stage 

34), the transverse moment on the double sided stiffener is about twice as that on 

the single sided stiffener, and this is attributed to the stiffness differences in the 
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discrete U-frames. The effects of local bending of studs and the lateral restraint 
force of discrete U-frames in relation to the strains measured on their shanks will 
be further investigated in the next Chapter. 

7.5 Summary of conclusions 
The moment-rotation curves are similar for both beams with continuous and dis- 

crete U-frames. Basically, the curves can be divided into three distinct parts: pre- 
buckling, buckling and yield, and post buckling. The vertical stiffeners do not alter 
the moment-rotation characteristic. 

Web distortion is effectively reduced by vertical web stiffeners, and lateral buck- 
ling is concentrated in the regions closest to the support section for beams with 
discrete U-frame action. 

For beams with continuous U-frame, bracing to the bottom flange close to the 

support section in a hogging region is effective in improving the lateral stability. 
However, the ultimate resistance of the beams with composite U-frame is dominated 

by local buckling rather than lateral buckling. It was found for both specimens U4 

and U5, that lateral buckling preceded the local buckling, but the maximum loads 

were governed by local buckling. 

The connection for a discrete U-frame is more flexible than that of continuous 

U-frames when lateral buckling occurs. A great U-frame force is induced in discrete 

U-frame beams, and this force appears to be proportional to the U-frame stiffness. 

Design predictions of lateral buckling resistance of continuous U-frames based 

on Eurocode 4 and other methods are relevant even for the beams with slender 

cross-sections. 
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Figure 7.3: Location of local flange buckling (U5A) 
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Chapter 8 

Tests to investigate U-frame 

action 

8.1 Introduction 

Continuous inverted U-frame action can be effective in stabilizing the bottom flanges 

of continuous composite plate girders near internal supports, because shear connec- 
tion usually has sufficient strength and stiffness in transverse bending. However, for 
discrete U-frames, concentrated moments may act on the shear connections above 
the stiffeners, so that reliance needs to be placed upon the slab to top flange con- 
nections for rigidity via the shear studs. 

The limitations of BS5400 when checking bridges, which use U-frame action 
for compression flange stability, is that it scarcely relates to current configurations 

of composite connections; but the joint rigidity can be the most critical term in 

evaluation of the moment resistance relating to the distortional lateral buckling. 

Besides, the design methods of BS5400: Part 3 [2] for lateral buckling resistance 

assessments of composite beams are based on the assumptions that the compressive 
force in a bottom flange is everywhere equal to its peak value at the internal support, 

and the torsional stiffness is negligible, which make the design very conservative. 
Discrete U-frame action was studied by Molenstra and Johnson [711 by a series of 

tests on six 1: 1 scale composite slab-flange connections, under a transverse moment. 

In a real structure, this transverse moment is caused by a transverse force, applied 

at the intersection of the compression flange and the vertical stiffener in the hogging 

bending region of a main bridge girder, which is induced by initial imperfections and 

lateral deformation tendency in the bottom flange. The research reveals that the 

significant flexibility of this type of connection would be a vital factor in evaluation 

of the lateral buckling strength. A limited tentative design formula for transverse 

flexibility of the relevant stud connections was proposed. 

However, general application of the result is limited because only one param- 
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eter was varied (N, the number of studs in the connection). It is referred to in 
the formula, whereas other parameters must affect the flexibilities of the connec- 
tions. Moreover, discrete U-frame action in distortional lateral buckling of composite 
beams has not been fully assessed, because of the shortage of test evidences. 

The tests on specimen U5 show that U-frame forces were induced when lateral 

buckling occurred; and shear failure in the slab to top flange connections was found 

after the ultimate load stage (stage 34). To evaluate discrete U-frame action in 

distortional lateral buckling, tests on isolated U-frames were carried out. The test 

specimens known as "isolated U-frames" were cut from specimen U5. The stiffness 

and the strength of the discrete U-frames were investigated. The ultimate U-frame 

forces in the tests on specimen U5 are assessed based on the results of the isolated 

U-frame tests. 

Two terminologies of tests will be used in the following sections, the global U- 

frame tests, which are referred to as the double cantilever tests on specimen U5, and 

the isolated U-frame tests, namely 1-UD for the tests on the isolated U-frame with 
double sided stiffeners, and I-US, for the test on the isolated U-frame with single 

sided stiffeners. 

8.2 Tests on isolated U-frames 

8.2.1 Choice of specimen 

It was decided that the test specimen would be chosen to be representative of a 

part of a real bridge plate girder near an internal support, with symmetrical vertical 

fitted stiffeners, acting as a discrete inverted U-frame. 

To interpret the strain measurement of studs above the stiffeners in the previous 

global tests, the specimens called isolated U-frames were cut from specimen U5, at 

equal distances from the stiffeners closest to the central support section. The regions 

included the studs with strain gauges. They were isolated by means of flame cuts 

through the bottom flanges and web as shown in Fig. 8.1. 

The length of the specimens was chosen as 400 mm and 1000 mm respectively. 

This ranged from twice to five times the lengths of web included for stiffness by 

clause 9.6.5 of BS5400: Part 3 [2]. 
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Specimen I-UD was cut from specimen U5 on the side with double sided stiffeners. 
Firstly, the specimen was tested with a longitudinal length of I m, at a small load, 
then the specimen was further cut with a reduced length of 0.4 m. The other 
specimen, labelled as 1-US was cut from the specimen U5 on the side with single 
sided stiffeners with a longitudinal length of 0.4 m. 

8.2.2 Test rig and instrumentation 

The test rig for the isolated U-frame specimens is shown in Fig. 8.2. The U-frames 

were suspended with continuity only at the slab and the steel top flanges with the 

remaining parts of specimen U5. A pair of lateral forces was applied to the bottom 
flanges, equal in magnitude and opposite in direction, using a bi-direction hydraulic 

jack. To ensure the stability of the test rig, only pulling forces were applied. This 
direction was also the most adverse loading situation for specimen 1-US. This is 
because the webs of specimen I-US were single sided stiffened, so the studs on the 

stiffener side could transmit the concentrating pulling forces to the concrete in the 

U-frame connection more than the studs on the other side. Therefore, the results 
from specimen I-US should be on the safe side for evaluation of the strength of the 

discrete U-frame connections. A2 tonne tension load cell was used to measure the 

applied force. 

The positions of the instruments are illustrated in Fig. 8.3. In each test, lateral 

displacements of the bottom flanges were measured by two LVDTs each side at the 

locations of the stiffeners. The transverse rotations of the bottom, top and concrete 
flanges were picked up manually, using an inclinometer. 

The strain gauges bonded onto the studs above the stiffeners in U5B were still 

in use to measure strains in the studs induced by the lateral U-frame force. 

8.2.3 Test procedures 

Two tests on the isolated U-frames were carried out. 

The test on specimen I-UD was divided into two parts. In the first part, the 

U-frame was tested with a longitudinal length of I m. The specimen was unloaded 

at a lateral force of 5 kN before further increment of lateral displacement in the 

bottom flanges, which was relative to the floor of the laboratory. In the second 
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part of the test, specimen I-UD was further cut, with the length reduced to 0.4 m, 
and loaded beyond the state when obvious nonlinear displacements in the bottom 
flanges were observed. 

Specimen I-US was tested with a longitudinal length of 0.4 m. 
A few load cycles were carried out at low loading levels to check the loading rig 

and the instrumentation. 

8.2.4 Test results 

The lateral displacements of the U-frames given hereafter are those at the intersec- 

tions of the stiffeners and the bottom flanges. They are plotted against the U-frame 
forces in Fig. 8.4. There are two curves for each specimen, and they correspond to 

the measurement on side A and side B. Side A is the side corresponding to beam 

U5A in the isolated U-frames, and side B corresponds to beam U5B. 

The U-frame with single sided stiffeners appears more flexible than that with 
double sided stiffeners. However, the flexibility of the U-frame is not sensitive to the 

variation of the longitudinal length. This is illustrated by the curves for specimen 
I-UD, the double sided stiffened U-frame. 

The transverse rotations were measured at the sections of discrete U-frames. 

The relative rotations between the slab and the steel top flanges are plotted against 

the U-frame force in Fig. 8.5, from which the measured transverse flexibility of the 

connections is obtained by dividing the relative rotation by the transverse bending 

moment A by 

Or fr 
A 

(8.1) 

e Alt is a product of the U-frame force and the distance h,, (see Fig. 8.2) or by 

Mt = F,,, h, (8.2) 

e 0, is the relative transverse rotation between the slab and the steel top flange 

at location above stiffeners. 

Transverse rotation of the connections developed more or less in proportion to 

the applied moment until failure of the connections occurred, which might be due 
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either to interior cracks in the slab or excessive deformations in the top flanges. An 

effective flexibility of the connection is therefore defined and used hereafter, as the 
linear slope of the moment rotation curves prior to the connection failures. 

The measured flexibility of the shear connection is about 1.25 mrad/kNm for 

specimen I-UD, which is based on the measurement of transverse rotations on the 

side A because the shear connection had failed in the side B in the previous global 
tests on specimen U5. 

The measured flexibility is about 4.71 mrad/kNm for the connection of specimen 
1-us. 

The strains in the studs at locations above the stiffeners on the side B are plotted 

against U-frarne force in Fig. 8.6 and Fig. 8.7 for specimens I-UD and I-US respec- 
tively. These studs were arranged in a way that strain difference in each pair of studs 

provided a relevant transverse bending moment. The strain gauges were bonded to 

the shank of each stud as shown in Fig. 5.16. When the strain difference in a pair 

of studs is used, the effects not relevant to the transverse bending moment can be 

eliminated. 
In Fig. 8.6, studs (M. I. ) and (M. O. ) are the middle pair of studs right above the 

double sided stiffener (pair 4 in Fig. 5.16), where I. refers to the inside, and 0. refers 

to the outside. 
In Fig. 8.7, strains in studs L. I. and L. O. of specimen I-US are plotted against 

the lateral U-frame load F,,. The positions of studs are also shown in Fig-5.16, and 

only the strain gauges on the left pair of studs (L., pair 2) above the stiffener are 

used, because the other pair of strain gauges were out of working, after previous 

tests on specimen U5. 

8.3 Analysis and discussion of test results 

8.3.1 Scope of the test results 

Because the specimens known as "isolated U-frames" were cut from the specimen 

U5, residual deformation in steel and studs as well as the cracks in the slab formed in 

the previous global tests must have affected the behaviour of the isolated U-frames. 

The U-frame forces in the "'isolated U-frame" tests were applied to the bot- 
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torn flanges at the locations of the stiffeners, however, U-frame forces induced by 
distortional lateral buckling in the global behaviour of U-frame beams would be in- 
fluenced by lateral buckling shape and the locations of the stiffeners. U-frame forces 

are evaluated via the measured strains in the studs above the the stiffeners. 
The uncut top flanges as well as the slab of the specimen U5 (Fig. 8.1) would share 

parts of the U-frame force in equilibrium, which may slightly reduce the U-frame 
force transmitted via the studs, but as the slab is much stiffer than the top flange 
in torsion, the effect is negligible before shear failure of the concrete. However, the 

test flexibility of the slab would be slightly affected. 
In the tests, both specimens I-UD and 1-US were subject to inward pulling forces, 

for which the connection on the single sided stiffened U-frame is the worse loading 

condition, because the studs above the stiffened side tended to pull down the slab, 

and there would be greater forces than that if the less stiff side were pulled down. 

Therefore, the results may lead to safe values for the strength of the connection. 
The experimental errors are subject to the instrumentation limits, which have 

been discussed in the previous chapter. 

8.3.2 Stiffness of discrete U-frames 

Flexibility of U-frame connection -a semi-empirical analogy 

Johnson and Molenstra [71] proposed an empirical formula to predict flexibility 

of discrete U-frame connection, f,, based on their tests on six discrete U-frame 

specimens, as the following expression 

0.7 
fr =N mrad/kNm N< 12 (8.3) 

In the formula, f, is expressed as reciprocal to N, the number of studs included. 

However, when it is applied for specimens I-UD and 1-US, it is found that the values 

of f, given by equation 8.3 are about ten times less than those found in the isolated 

U-frame tests. The reason for this is that it does not include any other parameters, 

which actually affect flexibility of the connection. 

Effective flexibility of a shear connection means the flexibility before failures of 

the connection , which might be either by interior cracks in the concrete or excessive 
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deformation of the top flange; so that to model its flexibility behaviour, neither 
cracks of concrete nor excessive deformation of the top flange should be included. 
The local deformation of the connection should be proportional to the modulus 
of the concrete, and dimensions of the studs as well as of the top flange are also 
relevant. 

semi-empirical analogy for the connection is illustrated in Fig. 8.8. The trans- 

verse moment Mt is transmitted to the slab via studs above the vertical stiffener. 
Before shear failures in the slab, the studs are embedded in the concrete. Assume 

that a typical strain in a cone of concrete, embedding the studs is given by 

T 
cc oc hdEc 

As Mt oc T bf , 0, oc TI bf hdE,, and f, = O, lMt therefore the flexibility of U-frame 

connections could be expressed in the form 

oc bf bf hdE, N 

bf is more relevant here than a, t, because the studs are fully embedded in the 

concrete before the concrete fails in connections. Besides, when a, t is zero (studs in 

one row), the transverse bending moment, Mt is still proportional to the width of 
the top flange. 

Compared with double sided stiffened U-frames, a parameter of b,, is introduced 

to include single sided stiffened U-frame connections. By using the test results, the 

(8.4) 

(8.5) 

semi-empirical formula is written as 

fr = 
300 (8.6) 

where 

bf b, hdE, N 

e bf is the breadth of the steel top flange. 

hd is the overall height of the studs. 

9 b, is the breadth of the web stiffener. 

e E, is Young's modulus for the concrete (short-term). 
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9N is the number of the effective studs at the locations of the stiffeners. 

The notations for the relevant parameters are shown in Fig. 8.8. 
To determine N, the number of effective studs in the connection, a simple rule 

is proposed for this type of the connection. It is suggested that N be taken as the 

number of the studs over a length 2 1,, above the stiffeners, where 

t 1.4 
In= 28bf (-) (8.7) 

bf 

e tf is the thickness of the steel top flange. 

The empirical formula (equation 8.7)is based on the two sources of the relevant 
discrete U-frame tests. Effectiveness of the stud connectors in resisting the transverse 
bending moment will depend on the transverse distance of the studs (proportional 

to the width of the flange) and the torsional'flexibility of the top flange (tf lbf ). For 

the connections referred to [71], eq. 8.7 gives 1, = 250 mm, and the value used in 

the tests is 250 mm. For the connections of specimen U5, eq. 8.7 gives 1, = 75 mm, 

which is a mean value for both single and double sided stiffened U-frames (100 mm 
for double sided stiffener and 50 mm for single sided stiffener). 

Comparisons of the predictions by equation 8.6 with test results are given in 

Fig. 8.9. The predictions by equation 8.6 are more flexible, which are on the safe 

side in evaluation of lateral buckling resistances. 
Table 8.1 gives the dimensions and values for the corresponding specimens used 

in the assessment of equation 8.6. f, * in Table 8.1 refers to test measurements. 

The Young's modulus of the concrete is taken as 32 kN/mm 2 for simplicity (C30 

concrete). 

Flexibility of discrete U-frames 

An inverted composite U-frame is illustrated in Fig. 8.10. The flexibility of a discrete 

U-frame is defined in BS5400: Part 3 (clause. 9.6.5) [21, as the lateral deflection 6 

(Fig. 8.10) due to equal and opposite unit forces at the level of the centroid of the 

bottom flanges. It is attributed from the deformations of three parts: the stiffened 

web, the slab and the connection between the steel flange and the concrete slab, or 

given by 
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6 61 + 62 + 63 

d3 1+ 
3EI, 

uBd22 + fd2 
EI2 3 

(8.8) 

(8.9) 

In the first term of the equation, 11 is the second moment of area of the effective 
section of the vertical member about its axis of bending. A width of web plate of 
up to 16 times the web thickness is suggested to be included on each side of the 
centreline of its connection in the Bridge Code [2]. 

In the second term of this equation, u is either 0.50 or 0.33 depending on whether 
the U-frame is single supported or continuous. For a single span U-frame (single 
bay), u is taken as 0.5, and for a continuous U-frame (or multi-bay) u is 0.33. 
Specimen U5 is a single bay(single supported), so that u is taken as 0.5 in the 

subsequent work. 12 is the second moment of area of the cross member of U-frame 

about an axis perpendicular to the plane of U-frame. For a concrete deck, the gross 
area of concrete within the effective width should be considered. The Bridge Code 
[2] recommends an effective width of B/8 or L.,, /2, whichever is less. 

The third term 63 depends on flexibility of the connection f,. However, the 

values of f, given in Bridge Code only correspond to steel U-frame configurations, 

and are irrelevant for composite U-frame connections, in which the shear mechanical 

connectors play an important role of composite actions. For composite U-frame 

connections, f, based on equation 8.6 is relevant to the present research and also 

used in the subsequent work. 

The flexibility of a discrete composite U-frame can be determined according to 

equation 8.9. For specimen U5, there are two values of the flexibility due to the 

different types of the stiffeners and stud arrangements in the connections. The 

predicted values of 6 and the measured values of 6* from the relevant tests on 

specimens I-UD and I-US are all given in Table 8.2. 

In Table 8.2,6 is the calculated value for equation 8.9, with the flexibility pre- 
dicted by equation 8.6, and P is the value based on test measurements of displace- 

ments at the bottom flanges. 
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The flexibility of the connections is found ranging from 0.46 to 0.61 of the total 
flexibility for the double sided stiffened U-frame and the single sided stiffened U- 

frame respectively. Therefore, the flexibility of U-frame connections can be a critical 
term in assessment of lateral buckling resistances of composite U-frame beams. 

Flexibility of a discrete U-frame can be also evaluated by its stiffness in transverse 
direction. Let ko be transverse stiffness of a discrete U-frame per unit length, 0 be 

the hypothetical transverse rotation of the bottom flange relative to its original 

position (Fig. 8.10) expressed by 

d2 
(8.10) 

and Mg be the concentrated transverse moment on U-frame caused by lateral 

U-frame force, or by 

Mo = F,, d2 (8.11) 

then the transverse stiffness ko per unit length is defined by 

ko = 
Mo 
L,, O 

where L,, is spacing of U-frames. 

A is a product of 6 and F,,, and ko is therefore expressed as three terms, kl, k2 

and 
k3 corresponding to 61,62 and6by 

61 +62 +63 

2 ko d2 

L,,, 
+ 

Lu 
+ 

Lu 

ki k2 k3 

so that 

2 

ki - 
d2 

L,, 61 

2 
k2 

- 

d2 

L,, 62 
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d2 k3 2 
L,,, 83 (8.16) 

Similar to 61,62 and63, kj, k2 and k3 
are attributed to the stiffened web, the 

slab and the connection of discrete U-frames. 

8.3.3 Strength of a discrete U-frame 

Failure patterns in the U-frame connections 

U-frame strength is governed by stability of the stifFeners and the strength of the 

connection. The comprehensive studies of the stability of stiffeners have led to 

conclusions given in the Bridge Code [2]. The strength of a U-frame connection is 

relevant to its flexibility. A connection may fail either in shear failure of the slab or 
in yield of the top flange caused by the U-frame force. 

Before shear failure in the slab, the studs are fully embedded in the concrete, 
however, whenever interior cracks form in the slab, there may be a strain redis- 
tribution in the studs above the stiffeners. This phenomenon was observed in the 

test. 

The strains in the studs are plotted against the U-frame force F.,, in Fig. 8.7. It 

is found that the connection with single sided stiffeners failed at a U-frame force of 

about 7.5 kN, at which a great increase in strain was observed in the studs, resulting 
from the strain redistribution, when interior cracks were formed in the connection. 
No evidence of strain redistribution could be traced in Fig. 8.6 for the connection 

with double sided stiffeners, because the shear failure had already occurred in the 

previous global U-frame tests. 

On the other- hand, evidence of connection failure is present in the moment 

rotation curves for the connections, shown in Fig. 8.5. Being related to its effective 

flexibility, the connection with a double sided stiffener (A-side) began to fail at F" 

about 8 kN, which is close to the value when a strain redistribution was observed 

in the connection with single sided stiffeners. The strength of the connection with 

single sided stiffeners was however, governed by excessive nonlinear deformation in 

the steel top flange, not by shear failure in the slab. It is well illustrated in Fig. 8.5, 

when the moment rotation curves become obviously non-linear, at a force of about 
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2.5 to 3 kN, which is much lower than the value when the strain redistribution in the 
studs occurred. This excessive nonlinear rotation is characteristic of another type 
of connection failure, basically governed by the excessive deformation in the steel 
top flange. This was also observed in the tests on the isolated U-frame specimens 
(1-U specimen), at the intersection of the slab and the top flange, especially for the 
single sided stiffened I-U. It is believed that this deformation is due to the yield 
in the local region of the top flange above the stiffener. Fig. 8-11 illustrates the 
deformation shape of the top flange in the test. The maximum gap between the 
top flange and the slab is 2.3 mm, and even after removal of the U-frame force, the 

residual gap is about 1 mm. 

Strains in studs and U-frame force 

Before shear failure of the connection, the studs are fully embedded in slab, and the 
U-frame force is transmitted via the studs to the slab. An estimate of the bending 

moment, based on the product of the strain difference and the distance between the 
inner and external studs is used. 

For the side with double sided stiffener, the concrete near the shear connection 
had cracks already formed in the previous global test. Because the cracks could 

not come back to the original positions, residual strains were induced in the studs. 
Fig. 8.6 shows the residual strains in the shank of the studs when F,, is zero, and 
this is also the state when the global tests stopped. Therefore, these residual strains 

are attributed from two parts; the inelastic yield of the studs, and the mismatch of 

the concrete due to the interior cracks in the connection. The difference of these 

residual strains in each pair of studs is equivalent to an interior transverse bending 

moment acting on the U-frame connection. This residual transverse bending has 

contribution to the transverse bending caused by the U-frame force. 

On the other hand, the permanent remaining buckling shape also contributes to 

the residual strains in the studs. The residual tension strain of the studs on the 

single stiffened side is caused by this permanent remaining shape, as shown in the 

out of plane web deformation in Fig. 6.24. 

To calculated Mt, the bending moment through the studs prior to the shear 

failure of the connection, the following formula is used 
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Mst = EAcjA, ta, tE 

where 

(8.17) 

e EAci is the summation of the strain differences at the location above a stiffener. 

e At is area of the cross section of a stud (7rd, 2, /4, ). 

9 a, t is the distance between the two rows of studs. 

aE is the modulus of steel (E = 205000 N/rnrn'). 

UL 
rrom Fig. 8.7., when F, the applied force is 6 kN, the bending moment using the 

product of strain difference and distance between the two studs is 2.5 kNm, which 
corresponds to a value of 4.87 kN (about 80% F.,, ). Assume that the transverse 
bending moment resisted by the studs is about 80% of the total bending moment 
induced by the applied U-frame force. Then the lateral U-frame force is 

Mst 
0.8 hs 

where 

(8.18) 

h, is the distance between the interface of the slab and the steel top flange 

and the centroid of the bottom flange. 

Though it is based on the isolated U-frame with single sided stiffeners, it is 

assumed that this also applies to the double sided stiffened U-frames in the global 
tests. 

Shear strength of discrete U-frame connections 

The strength of a U-frame connection would be governed by either shear failure of 

the slab or yield of the top flange caused by the U-frame force. No model so far 

has been found, for the strength dominated by the interaction between the slab, 

the studs and the top flange, because many parameters are involved. However, the 

investigation to the problem can be commenced by dealing with the two separate 

problems; the strength of the slab and the strength of the steel top flange. 
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The strength of the slab was studied by Johnson and Molenstra [71] and they 
found that the shear failure of a U-frame connection can be predicted by their 

proposed design formula. However, the strength of the top flange was excluded, 
because no evidence was ever observed in their tests. 

Fig. 8.12 shows the truss model used by Johnson and Molenstra [71] in predic- 
tions of the shear failure of the slab. In the truss analogy, the internal forces are 
represented approximately by a truss of tension members (full lines in Fig. 8.12) and 
compression members (dashed lines). The weak links are the diagonal tension along 
UQ and the tension along UV below the heads of the studs at point U. The trans- 

verse bending strength Mp, j is relevant to the shear strength of the slab V,, , the 

spacing of parallel beams B and the equivalent width a,. The formula is given as 
the following 

mpri - 
V,, a, 

- I-a, 1B 
(8-19) 

The notations and relevant parameters are given in Fig. 8.11. The prediction of 

the shear strength of the slab for specimens I-UD and I-US by this equation is 3.68 

kNm, for Mp, j, corresponding to a U-frame force of 7.2 kN. In the prediction, B 

was taken as 1,53 m, the distance between the centers of the two steel webs. The 

value agrees well with the test values of 7.5 kN for the connection with single sided 

stiffeners in specimen 1-US (when strain redistribution occurred) and 8 kN for the 

connection with doubled sided stiffeners. 

Upper-bound plastic limit theorem 

Difference in failure patterns is found between specimens I-UD and 1-US. For the 

double sided stiffened specimen (1-UD), shear failure was found in the slab, and for 

the single sided stiffened specimen (1-US), the connection fails owing to the excessive 

deformation in the top flange. 

For the failure governed by excessive deformation in the steel top flange, the 

warping normal stress will be additional to the torsional stress. The strength would 

be relevant to the stud arrangement above stiffeners, the torsional rigidity of flange 

and the dimensions of the stiffeners. 

simple rule could be used when checking the top flange by preventing yield 
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at the intersection of the top flange and the stiffeners. It is derived from the upper 
bound plastic limit theorem. 

Fig. 8.13 shows a U-frame connection, with the excessive deformation, 0. The 

mechanism used in the upper bound plastic analysis is illustrated in Fig. 8-14. Elastic 
deformation is neglected, because it is so small as compared with the plastic yield 
deformation. The upward movement of the steel top flange is restrained by the slab. 

In Fig-8.14, AB, BC, BD' are the the plastic hinge lines, and the relevant unit 

moments along the hinges are mi, rn2 and M3, are determined by plastic theory. 
When the simple rigid plastic theory is applied, unit moments are given by 

t2 
Tnl M2 M3 

f 
fv 

4 
(8.20) 

where tf and fv are the thickness and yield strength of the top flange. The geometric 

relationships and plastic rotations along hinges AB, BD and BC (01ý 02 and a3) are 

written as the follows 

Bf 

Cel : -- a3 
2e 2Bf 0 

(8.22) 
DIO 0.5bf cos(D 0.5bf co, 4 

Cf 2 
2e 

---": 
4Bf 

OtanO (8.23) 
DC 5.5bf 

Corresponding to a rotation increment dO the work done by the moment Mf is 

by 

dWf = Mf dO (8.24) 

The work done by the unit moment along the hinges 

dWAB = dWBc = miABal t2 fy dO 
-Bj (8.25) f 4 sZn(Dcos(D 

12 
dWBDI =2 tf fytanOBf (8.26) 
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Then the energy equation of the system is by 

dWf = dWAB+ dWBc + dWBDI 

By simplification, it leads to 

Bf 2 )t2 Mf =2 
sZn2(l) 

+ tanO fjy 

(8.27) 

(8.28) 

The angle 0 is calculated by minimizing Mf or letting 8Mf 
= 0, which leads to a(k 

Om = arcsin- 
1 

35.280 
ýT3 

= (8.29) 

Substitute (D, into the equation 8.28, then the moment Mf is obtained as 

Mf = 1.414Bf t2 
f (8.30) 

Equation 8.30 gives a upper bound value of Mf when the top flange fails. The 

application of the expression is based on the following discussions. 

* The mechanism described by (D,, is obstained based on the minimum total 

energy of the system. When there are studs within the region of ABC, the 

energy absorbed by the studs to be considered. Before the yield of the studs, 

a possible mechanism is bounded by the hinge lines not beyond the studs, as 

shown in Fig. 8.15. When the studs yield, the work absorbed by the studs is 

included. 

e For connections with a single sided stiffener, B, is the width of the stiffener, 
because Mf is concentrated in the side of the top flange with the stiffener, 

which is much stiffer than the other side. For connections with double sided 

stiffeners, taking Bf as bf /2, a half of the total width of the stiffeners is 

conservative, because, the side where the top flange moves upward is restrained 
by the slab. The possible mechanism would be similar to that given in Fig. 8.14. 

e For connections with a single sided stiffener, the mechanism given in Fig. 8.14. 

prescribes a worse situation. When the stiffer side of the top flange (with 

stiffener) moves upward (other than shown in Fig. 8.11), because of the restraint 

158 



of the slab, the deformation on this side is very small, and the other side being 
less heavily loaded, does not form a mechanism. 

When the mechanism forms, the stress u in the top flange is transmitted to 
the mechanism via the unit moments along the plastic hinges, but has been 

neglected in the energy calculation. 

Table 8.3 gives a comparison of Mf with the predictedMprlý the moment when 
shear failure occurs in the slab, based on the work by Johnson and Molenstra [71]. 
As discussed in the previous section, when (D is smaller than ýý, the studs are all 
beyond the region, where the mechanism has minimum energy potential, and 4), is 

used in calculation of Mf. When 4) is greater than (Dmj before the yield of the studs, 
the possible mechanism forms with (D , as shown in Fig. 8.15. 

In Table 8.3, specimen BM2 to BM7 are from Johnson and Molenstra's tests. Bf 

is taken 2/3 of the width of the top flange (distance from the edge of the flange to 
the positions of the studs, which are on the other side of the web). Specimen IUI is 

the isolated U-frame (U5) with double sided stiffeners and IU2 is the U-frame with 

single sided stiffeners. For IUI, there is a pair of studs right above the stiffener, 

and the mechanism forms only when the stud in tension, yields, so that the Mf has 

to include the contribution from the stud, which is a product of yield force(A, fy,, 

where A, and fv,, are area of cross section and yield strength for the stud) and Bf. 

The predicted values of Mf are consistent with the test results. For specimen 
IUI and all specimens from [71], Mf is more than twice of Mp,,, so that the U-frame 

connections are governed by the shear failure in the slabs, and no evidence of the 

top flange yield has ever been found for these specimerns. For specimen IU2, JWf is 

about half value of Alp r 11 and the failure pattern of the connection is found in the 

excessive deformation in the steel top flange (shown in Fig. 8.11). 

Obviously, the actual strength of the connection is smaller than Mf, because 

Mf is based on an upper-bound plastic approximation. Being converted to U-frame 

force F,,, specimen IU2 fails at a predicted value about 3.8 kN (F. "). Test result 

shown in Fig. 8-5, is about 3 kN, when obvious nonlinear deformation is found in 

the rotation curves, which is about 80% of the value from the upper-bound plastic 

approximation. 
In design procedures, the strength of a U-frame connection can be checked ac- 
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cording to its shear strength of the slab (Johnson Molenstra's formula [71]) and its 
strength of the top flange (equation 8.30). 

In chosing the layout of stud and stiffener arrangement, SjlSt and Bf are rele- 
vant. 

8.4 Evaluation of U-frame action in tests on spec- 
imen U5 

8.4.1 Test evaluations 

Further tests on the isolated U-frame specimens showed that before shear failure of 
connections, the transverse bending via the studs (expressed as the strain differences 
between the inside and outside studs above the stiffeners) is about 80% of the total 
transverse bending caused by lateral U-frame force. 

The lateral U-frame force is calculated from the measured strains in the studs 

at the locations above the stiffeners, in accordance with equations 8.17 and 8.18, 

The measured strains in the studs recorded in the global U-frame tests are given in 

Tables 6.7 and 6.8. The positions of the studs are above the stiffeners as shown in 

Fig. 5.16. Stage 20 is when the specimen U5 was supported at the central section 

with the jacks free of forces at the four corners. The lateral buckling initiated at 
the bottom flange of beam U513, at about stage 26. The maximum moments were 

reached at stage 34, and interior cracks occurred at about stage 36 in the slab above 
the double sided stiffener. 

In the tests on specimen U5, the U-frame force increased when lateral buckling 

initiated and developed fast thereafter. From Fig. 6.29, a jump in the rotation of the 

U-frame connection is observed at stage 36, which was after the maximum moments 

reached in the global test, revealing a shear failure in the slab above the double sided 

stiffener closest to the central support for U5B. According to equation 8.18, the 

converted U-frame force is about 13.34 kN. This value is higher than the transverse 

shear strength of the connection found in the isolated U-frame tests, about 7.5 kN 

for single sided stiffened U-frame connection, when strain redistribution occurred 

as shown in Fig. 8- 7, and 8 kN for double sided stiffened connection, at which the 
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effective flexibility of the connection was defined as shown in Fig. 8.5. The reason 
for this is that in the U-frame, force would be shared by adjacent concrete and steel 
locations of the stiffeners, and account should be taken of the continuity of slab and 
top flange. 

Table 8.4 gives calculated values of F.,, based on the measurement of strain in the 
studs. At the maximum loading stage (stage 34), the bottom flange is fully yielded 
close to the support. The ratios of the U-frame force to the compression force in 
the bottom flange are 2.6% in the double sided stiffened U-frame and 1.1% in the 
single sided stiffened U-frame. 

8.4.2 Design assessment of the U-frame force 

In the design methods of BS5400: Part 3, the U-frame force is assessed based on 
a laterally restrained Euler strut with initial bow. According to clause 9.12.2.2 of 
BS5400: Part 3, F,, is given by 

F,, - 
le 

0-f c (8-31) 
6676 a, - orf c 

af c Elc 

orc, - orf c 16.7 L2 
u 

where O'f c)Oýcr are compressive stress and elastical critical stress of the flange, 1, 

and 6 are effective length and U-frame flexibility, and L,,, is spacing of U-frames, 

respectively, as defined in BS5400: Part 3. 

However, for continuous composite plate girders, with intermediate vertical stifF- 

eners acting as inverted U-frames, the assumptions made in deriving equation 8.31 

are not valid and lead to an overconservative design. The factor af, &7cr - O'fc), 

defined in this equation reaches its peak value at the support section but decreases 

very rapidly away from the support due to the high moment gradient. The value 

of this factor is also conservative as only distortional buckling can occur in these 

types of girders and the Bridge Code does not provide expressions for elastic critical 

distortional buckling stress. 

To evaluate F,, for specimen U5 by using equation 8.31, the following assumptions 
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are made. 

1. Elastic critical buckling stress: O'cr = 7r'E,, Icll, Abf (Abf is the area of bottom 
flange). 

The maximum stress: ufc = fu (fu is yield stress of the flange). 

0.25 3. Effective length: 1, = 2.5(EIL,, 6) 

Initial lateral imperfection: xo = le/667. 

Table 8.5 gives the relevant values in the calculation of F, in which, 6 is referred 
to Table 8.2, and L.,, is the U-frame spacing. 

8.4.3 Discussion 

The design assessments of the U-frame forces are by coincidence close to the values 
found in the tests when lateral buckling occurred, however, its validation has to be 

clarifed. 
Firstly, it is based on an Euler strut with an initial bow, and a multiwave wrinkle 

buckle shape of the bottom flange is also assumed. The initial imperfection xO is 

related to the multiwave length (4). According to equation 8.31, F" is proportional 

to xo (1, /667), so that the smaller the imperfection, the smaller F,,,. 

Secondly, the elastical critical stress o-,, does not take any account of web dis- 

tortion and torsional rigidity of the steel beam, which leads to a conservative am- 

plification factorUf / (O'cr 
- f-Tf c) - 

For specimen U5 with discrete U-frame action, lateral buckling occurred in the 

regions close to the internal support other than in a multiwave wrinkle buckle shape. 

The relevant initial imperfection xO over that buckling regions of the specimen is 

about 5 mm, and it is greater than that calculated from 1, /667, recommended by 

BS5400 [2]. Therefore, if the real initial imperfection is used instead of 4/667, the 

design values in table 8.5 will be more than double. 

Thirdly, equation 8.31 reveals that the U-frame force F,, is proportional to the 

U-frame stiffness k (or 116), and this agrees with test results, in that F,, on the 

double sided stiffener is approximately twice that on the single sided stiffener. 
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The second formula in equation 8.31 indicates that the maximum F,, should be 
limited to a value proportional to EI, /16.7L.,,, however, is too conservative and does 

not agree with the test results. According to this formula, F" is basically relevant to 
U-frame spacing L, without taking account of its stiffness. The derivation of this 
form is based [72] on the assumption that 

le = Lu (8.32) 

But it is wrong, because, the BEF (beam on elastic foundation theory) model 

assumes that U-frames are replaced by uniform restraint over their spacing L, and 
the assumption is no longer valid when 1, < L,,. 

For braced I-beams, Wang and Nethercot [621 found that there is an interrelation- 

ship between the bracing forces and the loading on the beams, initial imperfection, 

bracing stiffness, bracing types, number of restraints and positions of the restraint. 

For multiple brace systems, bracing forces are not shared equally, and a value of 2% 

of the force in the compression flange is proposed for the bracing strength require- 

ment at the ultimate state. 

Compared with the beams with full bracing, U-frames provide rather flexible 

lateral restraints to the compression flanges. The U-frame forces are expected to be 

greater than the bracing forces when full brace is achieved. 
At the ultimate state(stage 34), the U-frame forces were 2.6% and 1.1% for 

double and single sided stiffeners respectively. 

8.5 Conclusions 

The flexibility of a U-frame is governed by the U-frame connections, which could 
I 

fail either in shear failure of the slab or in yield of the steel top flange. To ensure 

the effective flexibility of U-frames, the strength of the U-frame connections can be 

predicted using the shear strength of the slab in the U-frame connection (JVIp, j in 

equation 8.19), besides a check of the yield of the steel top flange based on the upper 

bound plastic mechanism (Mf in equation 8.30). 

Flexibility of a U-frame connection is a vital factor in evaluation of the U-frame 

stiffness. A semi-empirical formula (equation 8.6) is proposed to predict the effective 
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flexibility of U-frame connection. 
U-frame force F.,, is found proportional to the U-frame stiffness (k or 1/6). At the 

ultimate state, the U-frame force F. is found as 2.6% and 1.1% of compression force 

in the bottom flanges for double and single sided stiffeners respectively, at locations 

of the U-frames closest to the support section. 
The design assessment of U-frame forces in the Bridge Code is not appropriate 

for composite U-frame beams, because, either it gives a value based on a multi-wave 
buckling shape, which does not cover the U-frame at the ultimate state, or it gives 

a limit based on a wrong assumption. 
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Table 8.1: f, and relevant Darameters of discrete IT-frame roninprflon--v, 

specimen bf 
mm 

b, 
mm 

h, 
mm 

E, 
kN/rnrn' 

N fr* 
mrad/kNm 

fr 
mrad/kNm 

BM2 330 330 125 32 4 0.134 0.172 
BM3 330 330 125 32 8 0.088 0.086 
BM4 330 330 125 32 8 0.086 0.086 
BM5 330 330 125 32 4 0.135 0.172 
BM6 330 330 125 32 12 0.063 0.057 
BM7 330 330 125 32 12 0.058 0.057 

U5(double) 125 116 65 32 6 1.250 1.658 
U5(single) 125 58 65 32 4 4.710 4.970 

Table 8.2: Flexibility of the U-frame(U5) (unit: mm/kN ) 
specimen 61 62 63 6 6* 61 : 62 : 63 

U5(double) 
U5(single) 

0.330 
0.660 

0.180 
0.180 

0.436 
1.308 

0.946 
2.148 

0.834 
2.106 

0.35: 0.19: 0.46 
0.31: 0.08: 0.61 

Table 8.3: Predicted strenffth of U-frame connection 
si / st db 

DEG 
mprl 
kNm 

Bf 
mm 

tf 
mm 

fy 
N/mm' 

Mf 
kNm 

BM2 0.9 42' 30.9 270 25 245 60.2 
BM3 1.0 45' 28.6 270 25 245 62.1 
BM4 1.8 60.9' 33.1 270 25 245 85.9 
BM5 0.5 26.6' 35.1 270 25 245 58.5 
BM6 0.9 42' 16.1 270 25 245 60.2 
BM7 2.7 69.7' 32.1 270 25 245 119.3 
Iul 3.68 105 8 360 8.12 

_IU2 
1 0.85 40.4' 3.68 55 8 360 1.82 
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Tnblp R A- TT-TrnT-n. Tý, -, -,. 
double sided stiffener single sided stiffener 

stage No. F,, kNF,, / F, F,,, kNF,, / F, 
26 3.75 2.15 
34 11.23 2.6% 4.66 1.1% 
36 13.34 3.1% 5.32 1.2% 

Ta, hle 8-5- A, -, qeqsment of TT-fra. me force 
item double sided U-frame single sided U-frame 

6 0.946 mm/kN 2.148 mm/kN 
le 1961 mm 2024 mm 
lu 1200 mm 600 mm 

0-cr 684 N/MM2 642 N/mm 2 

Orf c/ 
(O'cr 

- ý7f c) 0.90 0.79 
Crf C 

1, 

3.43 kN 1.79 kN 
Orcr - af , 6675 

Olf cE1, 15.33 kN 70.48 kN 
acr -O'f c 16.7lu 
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Chapter 9 

Theoretical investigation of 
U-frame action 

9.1 Introduction 

When rolled or welded steel I-section members are used in continuous composite 
beams, distortional lateral buckling can occur in hogging moment regions adjacent 
to internal supports. For structures with parallel main composite girders, 'U'frame 

action is used to stabilize the bottom flange in design practice. Continuous restraint 
is provided to the compression flange by the slab and the web for unstiffened plate 

girders. Discrete restraint is provided to the compression flange by the intermediate 

vertical stiffeners which act as discrete inverted U-frames together with a part of 
the web. 

The U-frame restraint to the bottom flange is tackled in the Bridge Code (BS5400) 

[2] in a similar way to the earlier code (BS153) [65]. The code, based on a strut 

analogy from the BEF (beam on elastic foundation) theory makes the U-frame de- 

sign very conservative. Besides, the flexibility of the U-frame connections suggested 
in BS5400: Part 3 is irrelevant to the composite configurations. 

The design method adopted for recent redrafting of the EC4 [1] is based on an 

approximation for the elastic critical value of a uniform hogging bending moment, 

taking account of continuous U-frame restraint. By introducing parameter C4, which 

is based on finite element analyses for non-uniform distributions of bending moment, 

the method is applicable both to complete spans and to short lengths of hogging 

moment regions between points, at which the bottom flange is laterally restrained. 

It has been experimentally verified, that the latter method gives a better pre- 

diction of lateral buckling resistance for unstiffened continuous U-frame beams, of 

either compact [54] or slender section (specimen U4 described in chapters 5,6, and 

7). However, no appropriate method is available so far for discrete U-frames of com- 

posite construction, and U-frame action, as far as it is concerned, has not been well 
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assessed. 
The scope of the present chapter is to provide a theoretical approach to develop 

a design method to cover composite beams with discrete U-frame action. It begins 

with comments and reviews of the application of the BEF theory in dealing with 
beams with discrete lateral supports. The validation of the theory is discussed. 
The effect of distributed compression is also studied, based on the numerical results 
of columns with continuous restraint, subject to varying compression force along 
the length. It leads to a modification of the design method for lateral buckling in 
BS5400, taking account of variations of the moment gradient. 

Using the distortional buckling model adopted in EC4 is a rational approach to 

assess the critical moment of beams with U-frame actions. It originated in the work 
by Lindner [83], who solved beams of I-section with continuous lateral and torsional 

restraint in the top flange (tension flange). The motivation for using the model to 

cover beams with discrete U-frame restraint is further prompted with a handful of 

test data from discrete U-frame beams(U5). Based on the buckling shape observed 
in the U-frame beam test, the strain energy in transverse bending of a U-frame beam 

is evaluated, and then a lower bound energy method is proposed, using the similar 

approach for beams with continuous U-frames. The effect of moment gradient on 

the elastic critical moment is also studied and the validation of the new method in 

assessment of the elastic critical moment for beams with discrete U-frame action is 

discussed. 

Interactive U-frame force and stiffness are also studied and the U-frame force at 

the ultimate state of the beams is evaluated based on an upper bound mechanism 

for the bottom flange. 
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9.2 Distortional buckling investigations based on 
the BEF theory 

9.2.1 Bifurcation solution for compression members with in- 

termittent lateral supports 

The fundamental principles to determine the bifurcation load of a compression strut 
with intermittent lateral supports are well established [84]. In practice, the difficul- 

ties are that the true unknown, i. e. the lowest bifurcation load, appears as a variable 
in trigonometrical functions, or buckling shape functions. 

Engesser [85] treated the problem as a strut supported on a continuous elastic 

medium, with the assumptions: 

* uniform cross-section, and constant compression force through the length, 

e pinned and rigidly supported at the ends of a strut, 

e equally spaced elastic supports having the same stiffness and assumed 'smeared' 

over the support spacing Lu. 

Fig. 9.1 shows the simplifying assumptions on which the analysis is based. 

The critical load N, is obtained as 

n2 7r 2 

El+c 
L2 

L2 n2 7r 2 

where 

eE is Young's modulus. 

*I is the second moment of area of the cross-section. 

ec is stiffness of lateral restraint per unit length (CIL,, ). 

(9.1) 

., or The determinate number n of half waves corresponds to the minimum N, 

2L2 Nr = 2VETIC 

176 



For design purposes, an effective length 1, is introduced by 

12 = 
lr 2 EI 

c- (9.3) 
N, 

and it leads to 
le= 2.22( 

EI 
)0.25 (9.4) 

The effective length 1, does not correspond to the buckle wavelength L/n of the 

strut (but L/n = vý2-1, ), where n is the number of half buckling waves within the 

span L. It is found that the accurate solution is obtained [84] only when there are at 
least three supports per half wave of the buckled strut, using the continuous elastic 

medium model, to deal with the strut with discrete lateral supports. This can be 

expressed 

4L,, <L 
n 

(9.5) 

Equations 9.2,9.4 and 9.5 can lead to a more useful expression for L,,, when the 

assumption of smearing discrete restraints is still valid (vý-2-1, > 4L,,, ) 

L�, : ýý (0.38 
EI ) 

1/3 

(9.6) 

On the other hand, L,, is also expressed by 

Lu -A 
le 

(9.7) 
2 vr2- 

where A (< 1) is a multiple of the maximum lateral spacing L. " (1, /2v'2). 

From equations 9.2,9.4 and 9.7, the minimum lateral stiffness Cj, at that 

spacing (Al, /2V2-) is found as 

3 
Cmin= 0.278A( 

N, 
r 

EI 
(9.8) 
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9.2.2 Beams on elastic mediums subject to varying axial 

compression 

Considering the effect of moment gradient, Svensson [461 modelled the free flange 

(relative to the top flange restrained by slab) as a beam subject to a varying axial 
force, resting on an elastic foundation, as shown in Fig. 9.1. 

The stability problem is then mathematically represented by the differential 

equation and boundary conditions as 

d4y 
+ X2 

dy )4y 
dý4 A [n(ý)L] + (ýL 0 (9.9) 

dý dý 

and 

e= oý 
d2m 

= d42 

=1 
d' y0 (9.11) 41 d42 

The non-dimensional quantities used in the equations are given by 

(9.12) 

ýL =( -c) 

0.25 
L (9.13) 

EI 

n(ý)No (9.14) 

where 

N(ý) is axial force along beam length. 

e is unit distribution function of the axial force. 

* No is the maximum force at the support. 

The Fourier expansion, whose single terms satisfy the boundary conditions, is 

used, and with a Galerkin approach, the elastic critical load can be expressed as A,, 

by [46] 

Ael 
- 

Nj 
NE 

178 



where 

e NEis Euler load of the beam, expressed as 

72 EI NE = L2 
(9.16) 

* Nj is the elastic critical load of the beam(subject to N(ý)), and it can be 

expressed as 

N, I::,,: 
7r EI 

(9.17) 
(77le 

1, is the effective length defined in equation 9.3, which corresponds to a beam 

subject to uniformly distributed axial force. 

e 77 is a coefficient regarding to the distributed axial compression. 

The numerical values of A, j based on Svensson's work are shown in Table 9.1. 
Sevesson studied 9 cases of varying axial forces, but four of them are irrelevant to 

the stability in hogging regions so that only the five relevant cases are given in Table 

9.1 [46]. The corresponding varying loadings are shown in Fig. 9.2. 

In Table 9.11 Ael determines the value of the critical load Nei, prescribed in 

equation 9.15. The assumption is made that the effective length I., defined in 

equation 9.3, can apply to the general situations with varying axial force. As the 

case I in Table 9.1 is for constant compression along a beam, the effect of varying 

axial force is included by introducing 77(equation 9.17), based on the results given 
in Table 9.1, defined as 

N, 11 0.5 
Aell 

0.5 
Nei 

)( 
Ael 

) 

or simply using efFective length 

lei = 77le 

where 

18 lei is the effective length corresponding to distribution force N(x). 

e subscript I means the case 1, for constant compression. 

(9.18) 

(9.19) 
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The calculated values of 71 are given in Table 9.2 for different cases and further 
illustrated in Fig. 9.3. For a comparison, the values(71) obtained from BS5400 (Fig-9 
in BS5400: Part 3) for these relevant loadings are also illustrated in Fig. 9.3. 

BS5400 does not distinguish between cases 2 and 3, and it also gives a higher 77 
than those from Table 9.2. Besides, q given in BS5400 is not consistent with the 

variation of OL. For cases 4 and 5, BS5400 gives values of 0.53 and 0.78, which 
correspond to those values (q) when OL are about 16 (case 5) and 3.5 (case 4) given 
by Table 9.2. The reason for these is that these values (77 given by BS5400) are not 
based on a model that lateral elastic restraints have a significant effect on the elastic 

critical load. 

The increase of 77 with OL reveals the effect from the lateral stiffness of the 

continuous restraint. When the lateral restraint gets stiffer, the buckling wave length 

gets shorter, and the varying compression along the axis will have less effect on 
bifurcation values of the load. 

The results (A, I, hence q) are applicable for the free flange (bottom flange) in 

composite I sections, because they are all based on a BEF (beam on elastic founda- 

tion) model, with full lateral restraints only at supports. 

9.2.3 Design to lateral buckling with U-frame action, BEF 

approach 

The lateral restraint from a U-frame is assessed, in BS5400: Part 3, using the U- 

frame flexibility 6, defined as lateral movement of the bottom flange under unit 

force. The effective length 1, introduced for U-frame beams is based on the BEF 

theory, only with constant compression, and is given by 

le= 2.5k3(EIL,,, 6)0.25 

where 

(9.20) 

eI is the second moment of the area of the bottom flange in the minor axis of 

the cross section. 

e k3 is the coefficient regarding support conditions. 
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o L,, is the U-frame spacing. 

o6 is defined as the U-frame flexibility. 

The differences between equations 9.20 and 9.4 are that, 2.5(eq. 9.20) is adopted 
instead of 2.2(7r/V2- in eq. 9.4), which accounts for lateral continuity at internal 

supports of a continuous beam, and 6 is used rather than C. It is known that 6 
for U-frarne is a reciprocal of its stiffness C, and therefore, the two equations are 
basically the same. 

The effect of moment gradient introduced by ý in BS5400: Part 3 however is 

not correctly based on the model with U-frame restraints. It is proposed that by 

introducing the new q, given in Table 9.2, the effect of moment gradient can be 

included, because it is based on the relevant investigation of the BEF model. 
Fig. 9.3 shows a comparison of new 71 with that given in BS0400: Part 3. 

When 1, is determined, the effective length 1,1, accounting for the effect of moment 

gradient, can be calculated by equation 9.19. The design to the buckling stress 
(limit) will follow the design curves for compression members. The shortcomings of 
the method are that it is based on a non-distortion model, and torsional rigidity is 

neglected, even if the effect of moment gradient can be compensated by introduction 

of the new7j. 
A more comprehensive method based on the distortional buckling model will be 

presented in the next section. 
In general, BEF results are based on the assumption of U-frames smeared over 

L,,,. The applicability of the results is governed by eq. 9.6. The validation of the 

method is not discussed in BS5400: Part 3, and this leads to an inappropriate 

assessment of U-frame action. 

9.3 Energy assessment of distortional lateral buck- 

ling 

9.3.1 Distortional lateral buckling model 

The distortional lateral buckling of a composite cross section is modelled in Eurocode 

4 as an I-section with torsional restraint on the top flange, shown in Fig. 9.4. For 
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single span beams with general bending moment, the elastic critical moment M,, 

can be determined, using an energy method. The partial action effects results from 
the cracked composite cross section [52] are 

Ma Mcr 
lay 

IV 

z, Aa 
Na = -M,, (9.22) 

IV 

where 

* M,, and N,, are the bending moment and axial force acting on the steel cross 
section; 

e I,,, and I. are the second moments of area of the steel cross section and the 

composite cross section; 

* A,, is steel cross section area; 

e z. is the distance from the centroid of the steel section to its shear centre. 

The energy equation of the system is 

IL 
[EI�f, h 20j12 + GI�t 012 + ko 02 + Ma (x) rmz ot2 

- 2iW, (x)f00" (9.23) 

+N a(X)(f2 
+Z 2)oi2 

- 2Na (x) z, f 00"] dx 

The relevant parameters and notations are shown in Fig. 9.4. 

where 

e h, is the distance between the shear centres of the flanges of the steel section: 

* is the distance between the rotation centre D and the shear centre of steel 

section; 

i is radius of gyration of the steel section related to the shear centre, 

is calculated by 

r, z == 
1Z2+y2 

)dA - 2zIaz] (9.24) 
Iay 

ýIA Z( 
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e I,,, is the second moment of area of the steel cross section about axis z. 
The solution of the critical moment is obtained by introducing a possible buckling 

shape O(x). No specific O(x) functions are given in [52], however, it refers to the 

work by Lindner [831, in which, beams with extended cantilevers are studied, using 
polynomial functions which satisfy the boundary conditions. 

Following the same approach, a displacement function is assumedand the effect 

of bending moment variations is introduced by C4, based on the FE numerical 

analysis. The elastic critical moment is then expressed 

Mcr = 

C4k, 

(GI,, t + ko (L )2)EIaf z 
(9.25) 

L 7r 

The properties of the cross-section are given as follows [1]; 

*L is the length of the beam between points at which the bottom flange of the 

steel member is laterally restrained. 

* C4 is a property of the distribution of bending moment within length L given 

in Tables B. 1 to B. 3 of EC4 . 

* k, is a shape factor given in Clause B. 1.3 or B. I. 4, of EC4. 

*G is the shear modulus for steel. 

* Iq, is the second moment of area of the bottom flange about the minor axis 

of the steel member. 

* It is the St. Venant torsion constant of the steel section. 

e ko is the transverse stiffness per unit length of the beam, defined in Eurocode 

4. 

The variations of C4with parameter ý are given in a series of graphs [52] related 

to the different moment gradients, where ý is defined as 

El, f, h 2 
s 

[GI,, t + ko( : L)2]L2 
ir 

(9.26) 

In the parametric study, ý varies from 0 to 0.3. Only the minimum values of C4 are 

given in EC4. 
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9.3.2 Energy evaluation of the transverse bending of a U- 
frame beam 

When lateral buckling occurs, strain energy by transverse bending via the discrete 
U-frames is induced, which will tend to increase the potential of the system. This 

strain energy can be evaluated in two ways: (I)the transverse rigidity of stiffeners 

are treated as uniformly smeared over the U-frame spacing L, (2)the transverse 

rigidity of stiffeners is considered individually. 

Assume the lateral buckling shape y as the following 

, 7rx . 
27rx 

. 
37rx 

alsin- + a2szn- + a3Sin- + (9.27) 
LLL 

where 

y=0 at x= OIL (9.28) 

Let K, be the transverse rigidity of an individual stiffener. When the first five odd 
terms in equation 9.27 are used, the transverse strain energy for a uniform stiffness 

K, IL.,, is written as El 

El =ILK, [a, 2+ 
a3 

2+ 
a5 

2+ a7 
2+ 

ag 
2] (9.29) 

4 Lu 

The transverse strain energy using individual stiffeners is 

K, 
Em n -x L,, 

. 
3n7rLu 

. 
5n7rLu 

. 
7n7rLu 

' 
9nrL 2 

E2 - n=1(ajsin 
+ a3.5in + a5szn- + a7szn + agsZn U 

2LLLLL 
(9.30) 

where m is the number of stiffeners within span L. 

The ratios E21E, are plotted against L/Lu in Fig. 9.5, in which one curve cor- 

responds to the symmetric buckling mode, and the other three curves are for the 

asymmetric buckling modes. The buckling shapes illustrated in different line types 

correspond to the various variations of E21E, with LIL, It is found that ratio 

E21E, is relevant to two parameters. One is the ratio of LIL, and the other is the 

ratio0f 41L, where Ibis the half buckling wave length. 

1. Buckling shape: The buckling shapes used in the evaluation are based on 

the test results of specimen U5, in which the lateral buckling occurred in 
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the regions close to the internal supports. Both asymmetric and symmetric 
buckling shapes are simulated. 

2. Asymmetric modes: Three curves with different ratios of buckling length (41L) 

are given. When the ratio is 0.4(dashed line), E21E, approaches I if LIL"' 
is greater than 5. When the ratio (IbIL) is 0.25(dashed point line), LIL, 
increases to 10, for the same value of E2/Ej. 

3. Symmetric modes: The ratio of buckling length(lb/L) is between 0.3 and 0.4, 
E2/El approaches to I when LIL,, is about 7 or 8. 

4. The ratio of buckling length (IbIL) influences the value of LIL", at which 
unit value of E21E, is approached. When IbIL is 0.4, E2/Ej tends to I only 
when LIL,, > 5. That means that there are more than two stiffeners within 1b. 
WhenIb/L is 0.25, E2/Ej trends to I only when LIL,, approaches to 10, which 
reveals that there are 2.5 stiffeners within 1b. All these results coincide with 
the requirement for at least three lateral supports within each half buckling 

wave length, when the BEF theory is applied. 

5. It is more likely, that the ratio of buckling length (IbIL) will vary between 

0.2 to 0.4, though only one test of discrete U-frame beams is available (linear 

moment gradient for U5). For uniform moment, ratio WL will be greater 
than that for moment gradient. In design practice, LIL,, will vary between 

10 and 20, (about 12 and 25 for U5), so that the transverse strain energy of 
discrete U-frames treated as uniformly smeared over spacing L" can give a very 

good approximation to the actual transverse strain energy of the stiffened web. 
These results only apply to the situations, where U-frames are equally spaced 

along the beam length. 

9.3.3 The effect of C4-moment gradients 

The energy equation for general moment gradients is given in eq. 9.23, for continuous 

U-frames, When the strain energy of transverse bending via discrete U-frames is 

treated as uniformly smeared over the beam spacing, the energy equations for both 

continuous and discrete U-frames are the same. This is achieved by assuming the 
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transverse stiffness of the stiffened web to be 

ki = 
3EI, 

(9.31) h, L,,, 

where 

* I, is the second moment of area of a stiffener about the minor axis of the beam. 

* k, is the transverse stiffness per unit length of the stiffened web. 

Derivation of equation 9.31 is referred back to equations 8.9 and 8.14 in the 

previous chapter(section 8.3.2), with the lateral deflection 6 of a U-frame being 

converted into a hypothetic transverse rotation 0 (shown in Fig. 8.10). 1ý, in equation 
to d3/d2 9.31 corresponds to I, in equation 8.9, and h, in equation 9.31 corresponds 12 

in equation 8.9. 

Subject to the validation of smearing discrete U-frames over their spacing, a 
discrete U-frame beam can be modelled as a continuous U-frame model, but with 

great increase in the lateral restraint stiffness. 
The effects of moment gradient on the elastic critical moment of beams with 

discrete U-frames are analysed as follows. 

From eq. 9.26, it is found that the parameter ý decreases with the increase of the 

lateral restraint stiffness ko. Since stiffeners greatly increase the lateral stiffness of 

the web, the lateral restraint stiffness of a stiffened beam (with discrete U-frames) 

is much greater than an unstiffened beam (continuous U-frames), even with the 

identical cross section. 

Let U-frames be smeared over the beam length, and ko be expressed as 

ko = rki (9-32) 

where tc is a factor of k, for analysis of variation of ý(< 1). 

Usually Gl,, t < ko (L/7r)', so it can be neglected, and by substituting equation 

9.32 into equation 9.26, ý can be simplified as 

2 h, 4 
L,,, 

(9.33) 
3K I, L hs 

186 



In practice, the ratio Llh, ranges from 15 to 25, and L,, Ih, from I to 2. Let tc 
be 1/3 (r, may range from 1/4 to 1, but it is certainly smaller than 1 for discrete 
U-frame beams), Iq, 11, be 1, and ý is then from 0.008 to 0.044. Therefore, C4 in all 
circumstances for the discrete U-frames is covered by that for continuous U-frames, 
because ý ranges from 0 to 0.3 in the numerical study. 

Similar analysis can be done for continuous U-frame restraints. It can be found 
that in practical range, ý is always smaller than 0.3. 

Besides, only the minimum C4 is recommended for continuous U-frames in EC4, 

and therefore C4 
also applies for discrete U-frames. 

9.4 U-frame force evaluation 

The U-frame force is assessed in BS5400 [2], by modelling the flange as a simply sup- 

ported strut, with an initial bow. The force is proportional to the lateral deflection 

Ay expressed by - 

Ay = yo 
af c 

O'cr - O'f c 
(9.34) 

where uf clac, are compressive stress and elastical critical stress of the flange, and yo 
is the amplitude of the initial bow. 

However, the lateral restraint from the U-frame is not well evaluated, because 

uniform compression force is assumed in the strut, when equation 9.34 is derived. It 

has been found that elastic critical stress is influenced by the axial force distribution. 

Besides, axial compression force in the bottom flange of a continuous composite 
beam usually decreases very rapidly away from its internal supports due to a high 

moment gradient. This also raises a question that whether equation 9.34 can be 

still applicable. Furthermore, in BS5400, the lateral U-frame force is considered 

equal everywhere along the beam length. This is very conservative, and actually, 

the lateral force also drops away from the internal support regions. 

The influence of axial force distribution on the elastic critical stress for columns 

with elastic restraints was studied by Svensson [46]. But, in his study, Svensson did 

not include the initial imperfections. 

Recent work by Jeffers, of Travers Morgan [731 traced the results from Winter's 

work [86]. But the shortcoming of the work is that the U-frame forces are based 
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on a strut with discrete rigid lateral support, which does not cover beams with 
lateral restraints from discrete U-frames of intermediate stiffness. Also, compression 

gradients are still not included. 
In design, the elastic critical stress is normally above the yield stress, and it is 

more likely that the U-frame force will be governed by an inelastic collapse load than 
by the elastic critical stress. These problems are tackled in the following sections. 

9.4.1 Flexible U-frames 

In this section, the free bottom flange of a U-frame beam is modelled as a strut (or 

column) with lateral elastic restraints provided by U-frames. 

The principles for notation of symbles are follows; 

eC -- stiffness of lateral restraints, 

*c -- stiffness of lateral restraints per unit length, 

e lateral restraint force, 

the elastic critical load (uniform compression), 

I *A E-- the Euler critical load (7r'EI/L'), 

IVj -- the maximum value of elastic critical load at the support (non-uniform 

compression), 

9 A"o -- the maximum axial force at the support, 

* JVy -- the axial force when yielding occurs in the bottom flange, 

*L -- length of span between the ends of a beam, 

e L,,, -- spacing of lateral restraints, 

0 le 
ý lb-- effective length/ buckling wave length, 

factor for the elastic critical load regarding distributed force. 

Other symbols are defined in the text where they appear. 
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Analytical model 

Fig. 9.6 shows a strut with an initial bow yo(x), subject to axial force N(x). The 

assumptions of smearing U-frames over its length still holds. The notations for the 

parameters are the same for those given in Fig. 9.1. 

By equilibrium of the small segment dx, following equations are obtained 

dQ (9.35) 
dx 

dm 
- N(x) 

dy (9.36) 
dx dx 

From eq. 9.35 and eq. 9.36, we can obtain 

d 2M 

-d (N(x) 
dy (9.37) 

dxl dx dx 

Considering the effects of the initial imperfection yo, q and M are written as 

q= c(y - yo) (9.38) 

and 
11 it M= -EI(y - Yo ) (9.39) 

So that the governing equation of the system is 

/11, +d 
dy 

EIy 
dx 

(N(x) 
dx 

)+ cy = EIyo + cyo (9.40) 

with the boundary conditions 

when X 0ý xL (9.41) 

when X ol xL (9.42) 
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Solutions, when N(x) = No (constant along the length) 

When N(x) is constant along the length, the governing equation is simplified as 

Ely"" + No 
dy+ 

cy = Ely/` + CYO (9.43) dX2 0 

This equation is solved with the general solution in a form as 

A, es)"' + A2e--Al'E+ A3CosA2X+ A4sznA, 2x (9.44) 

where A,, A21 A3 and 
A4 

are coefficients relating to the boundary conditions, and 
A, and A, are eigenvalues relating to the elastic critical load. 

The specific solution to the initial bow yo is also obtained as far as yo is known. 

Assume the initial imperfection is a sinusoid shape over its length L, or by 

. 
rx 

yo = aosin- L 

Then the specific solution is 

I+ (clEI)(L X)4 7rX 

(NoINE) + (clEl) (L/7r)4 aosin L 

where JVEis defined in eq. 9.16 (7r 2 EIIL 2). 

(9.45) 

(9.46) 

The solution is a summation of the general solution and the specific solution. By 

satisfying the boundary conditions, the following equations are derived 

A, +A2+ A3 : --: 

A'(Al + A2)= A2 A3 
12 

and 
A eAlL 

A2L 
=A + A2 e- 4-5inA2L 

A2 eAIL 
A2L) 

=A2 
i(Al, + A2 e- 2(A4-5z'nA2L) 

(9.47) 

(9.48) 

(9.49) 

(9.50) 

it is found A,, A2, A3 and 
A4 are all equal to zero, which leads to y equal to the 

the specific solution expressed as in equation 9.46. 
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The initial imperfection of bottom flanges is usually not a simple sinusoid shape 

as that given by equation 9.45, especially when single sided stiffeners are used. 
Fig. 9.7 shows a plan view of the bottom flange of this type. It is more likely that 

the initial imperfection curve of the flange has a shorter wavelength, due to welding 
the stiffeners. 

Therefore, more accurate curves of the initial imperfection are expressed as a 

summation of more than one term of the triangular series, i. e. 

7rx 
. 

27rx 
. 

37rx 
yo = alosin- + a20szn- + a30Sin- + 

LLL 

It can be verified that the solution is a sum of a series of the corresponding terms., 

as 
+ (c/EI)(L/Z7r)4 zlrx 

y Kil I= 1 : jajosin- (9.52) 
1- (No/Z2NE) + (c/El)(L/z7r) L 

The lateral deflection of the strut Ay is 

Ay =y- yo (9.5,3) 
No1i2 NE i7rX 

2NE) +(c/El)(L/z7r)4 
ajosin L (No/i 

En No Vrx 
NEZ2+ N,, (Lll, '2) 

_ No ajosin 
, 
)2/(4z L 

where N, is the elastic critical load corresponding to an ideal straight strut (Nr 

2VIT-Ic), and 1, is the effective length defined by Euler formula in eq. 9.3, 

so that q is expressed as 

q= cAy 
(9.54) 

No Nrx 
= CE! L ajosin NEZ'2 + Ncr(L/le )2/ (412) -No L 

When the first term is of predominant importance, then q is simply 

cNo 7rx (9.55) 
NE + Ncr(L/4)2/4 -No aloszn L 
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For the continuous U-frame, the U-frame force F.,, is therefore 

F� =q< 
cN0 

_ No alo (9.56) NE + N�(Lll, )214 

For the discrete U-frame, the U-frame force F,, is a product of the lateral deflection 

and Cthe rigidity of the lateral U-frame restraint 

CNo zrxu F,, = -alu-.,. (9.57) NE +Ncr (L /le )2/4 
- No L 

< 
CNo 

)2/4 
_ 

alo NE+ Ncr(L/le No 

where x.,, is the location of the U-frame considered. 
The restraint force at the support is also found by integration of q over L 

F, =1 qdx (9.58) 
2 

lo 

CNo L 
NE+ N�(L/le)2/4 - No 7r 

General solution for non uniform compression N(x) = Non(x) 

When the compression is not constant along the axis, the governing equation given 
in eq. 9.40 can be solved by the Galerkin method. Assume y as the Fourier expansion., 

where each term satisfies the boundary condition (y = 0, y" =0 at x=0 and x= L) 

. 
zrx 

Eýtlajsin 
L 

(9.59) 

and the initial imperfection yo 

yn 
Z7rX 

Yo di=laioszn L 
(9.60) 

Substituting the Fourier expansion into eq. 9.40, and integrating from 0 to L, then 

Ld j7rx L "' + cyo]sZn 
17rx dx (9.61) [Ely ... 1+ (N(x) 

dy) 
+ cy]szn dx = [ElyO 

0 dx dx L 
10 

L 

where n. 
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Using the orthogonal properties, the following equation is obtained 

j 7r )4 CI+ 21 L 7r 
aj [( -COS- + [N'(x)(Eaiz7r "rý)sinl x] 

- EI 10LLL 

N(x)[(Eai("') 
2, 
Sin 

Vrx 
)sini-rx-]dx =a -o[("' 

)4 +c 
L EI 

When yo = aoginrx/L, the solution for equation 9.62 is found as a form 

aj = 
[1 + (c/EI)(L/7r)']ajo 

(j)4 + (c/EI)(L/7r)4- (NoINE)(120j) 

where Oj is a function of N(x), L, E I, and c. 

(9.62) 

(9.63) 

When 1=1, a, is the amplitude of the displacement shape given by eq. 9.46.0. 

can be found by the numerical analyses for the different distributed functions n(x). 
When 0 is 0, the amplitude is its initial one (ao) or Ay is 0, and Oj of I is for the 

constant N along the axis. 
When the first term is predominant, using 1, (= 7r(El/c) 1/4/ v'2- equation 9.4), 

the U-frame force F.,, is simplified as 

CNo 
NEIO+NE(Llle )4/40 

Discussion and evaluation of U-frame force 

-alo No 
(9.64) 

The solution given in previous sections reveals that the effects of lateral restraints 

from discrete U-frames and the compression distribution N(x) are prominent. The 

assumption of smearing U-frames over spacing L,, will govern the validity of the 

result. 
For constant N, the effective length I, defined as in BS5400, is relevant to the 

buckling wavelength. When there are more than three discrete U-frames within the 

half buckling length, the result by smearing U-frames over L,, is expected to be 

sufficiently accurate. 

To be consistent, let JVj be the maximumforce at the support that corresponds to 

the elastic critical load of a beam subject to distributed N(x), and N, be that when 

subject to uniform compression. The effect of the distributed N(x) is represented 

by 0 as shown in equation 9.64. 0 is a function of N(x), L, El, and even c. and the 
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algebraic expression is complex. 
A reasonable approximation to the critical load Nj is 

N, j - 
N, 

(9.65) 0 

When equation 9.65 is substituted into equation 9.64, F,, INO is then written as 

F,, Calo 
(9.66) No Nel[(IeIL)2+ (L/21e )2] 

-No 

Assume that L equals to the buckling length V'2-1,, then it is 

F,, 
- 

Calo 
- (9.67) 

No Nj - No 

The effect of distributed compression force is included in equation 9.67, because 

N, 1 (hence Crcr) takes account of that effect. It also reveals the effect of contributions 
from the discrete U-frames, and the jump in F,, INO occurs only when No approaches 
to N, 1. For uniform compression force, 0 is 1, and N, 1 ==ý- N,,. But when the bottom 

flange is treated as a free strut, neglecting the lateral restraints from U-frames, N'r 

reduces to NE. 

For uniform compression, by using eq. 9.2 and c= CIL, equation 9.67 can be 

simplified as 

F�, 
= 

7r 2 L�ajo 1 (9.68) 
No 412 1 

_N INr e0c 

If alo == A/2-1, /1000 and L,, :! ý V2-1,14, then 

F,, 
< 

0.00123 (9.69) 
No -I- No/IVr 

For a situation with distributed N(x), equation 9.66 provides a general expression 

of F,,, INO. Let buckling length Ib in that situation(N(x)) equal to Vý2-1, (uniform 

compression). When L ---ý> Ibi it leads to an expression of F,, 1NO by 

F,, 0.00123 
NO NIIN,, - No1N,, 

(9.70) 

It also reflects the great increase in F,, INO when No approaches JVj. In practice, 

194 



if NetlNcr is taken as 2.0, and No as 0.8 NI, F,,, INO given by equation 9.70 is 0.003. 
If NetIN,:, is 1.0 (equation 9.69), and No is still 0.8 Nei, then F. lNo is 0.0015. They 

are all smaller than 0.01, the value used in design practice ( usually F', 1NO > 0.01. 
The reason for this is that both equations 9.69 and 6.70 are only for the elastic 
range, while in practice, yielding occurs, and the ratio F,,, INO will be governed by 
the yielding rather than the elastic critical load. Further discussion i, s given in the 
following section. 

Ultimate U-frame force - an upper bound approach 

In design, cr,, is usually beyond the yield stress fy, so that No never reaches Nj (or 

N,, ), because of yielding. 
An upper bound value of F,, can be found by modelling the bottom flange as 

a mechanism, in which a plastic hinge develops midway along the buckling wave 
length (N/2-1, ). This is likely because of the initial imperfection, as shown in Fig. 9.8. 

The deflections due to flexure of the two halves are neglected in comparison with 
those due to the rotation of the hinge. The lateral restraint forces induced from 

the U-frarnes are neglected too, so that the lateral deflection y is an upper bound 

value. The stress distribution across the section at the hinge appears also in Fig. 9.8. 

The cross section of the bottom flange at the hinge is divided into three zones. The 

inner zone 2 is regarded as providing the compression N, and the outer zones I and 
3 are regarded as providing equal compressive and tensile forces which constitute 

the bending moment Mpf at the hinge. 

fvtf (bf - 2c) (zone2) 

and 
Mpf = futf c(bf - e) = Ny (9.72) 

The deflection is found as 
ýf 

(Ny _N (9.73) 
4N Ny 

where Ny = fy bf tf - 
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The upper bound value of F,, is then expressed as 

F,, = Cy = CLf (Ny _N (9.74) 4N NI, 

and the ratio of F,, IN is by 

F,, Cbf N2 ICT") (9.75) N 4Nv N 

Fig. 9.9 illustrates the variation of F,,, IN with the axial force N. The abscissa 
represents F.,, IN, the ratio of the lateral restraint force to the compressive force, and 
the ordinate represents the NIN,, (or N1Nj), the ratio of the axial force and the 

elastic critical load. 
The curve OAB is given by equation 9.69, that is based on the elastic BEF 

theory. The half buckling wavelength is assumed as V'-21, (also related to initial 

imperfection alo = -ýF21, /1000). The U-frame spacing L.,, is taken as V2-1, /4, the 

maximum spacing of L., for which the assumption of smearing U-frames is valid 
(equation 9.5). Reducing L.,, will decrease the ratio F,, IN (equation 9.68), so that 

the curve corresponds to an upper value of F.,, IN. 

The curves AC and BD correspond to equation 9.75 from the plastic mechanism. 

Length of the plastic mechanism is also V/-2-1,. The ratio bflalo is taken as 10, and 
20 respectively. When N, = 2Nv, F,, IN follows the curve OA, and at point A, 

(N =* Nv), it will increase very fast. For the situation of N, = N., the ratio F"IN 

follows curves OB and BD. 

Theoretically, collapse occurs at the intersection points A and B of the curves. 

However, because of residual stress and imperfection in the cross sections, the real 

failure takes place at a level of load lower than the intersection points A and B 

accordingly. It is found that whenever N,, > N., large deflection occurs at the 

collapse loads (A and B) of the mechanism when N approaches to N,,. It is more 

likely that large lateral force will be induced, although the lateral restraints are 

neglected in the mechanism model. Therefore, when the critical load N,, (or NJ) 

exceeds the yield load(N. ), the lateral force increases when the compression in the 

flange approaches N, - 
When ao = V/-21, /1000 and L,, = vý2-1, /4 (influence from bflalo negligible as 
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shown in Fig. 9.9), the values F. IN at onset of the collapse (A and B) are about 
0.25%(N, r = 2N.. ) and 0.7%(Nr= Nv). If 80% post ultimate bending strength of 
a beam is considered(on curves BD and AC), the ratio F,, IN ranges from 1.5% to 
2.5%. 

These values agree with the test results of specimen U5. At the onset of the 
lateral buckling (yielding also occurred), the ratios of F', 1N (only in, the U-frames 

closest to the central supports) from the test were 0.8% and 0.5%, higher than 0.25%, 
but lower than 1.5%. This is because initial lateral imperfection in the specimen is 
larger than that leading to equation 9.69. This ratio increases to 1.2% and 3.1% at 
the post-ultimate state (stage 36,90% of the ultimate bending strength). 

9.4.2 Rigid U-frames 

For a strut with lateral restraints along its length, the minimum stiffness of the 
lateral restraints, at which the restraints behave as if absolutelY rigid is 

ci - 
aNu 
Lu 

(9.76) 

where N,, is r'El/Lu, oz is a function of n, the number of restraints within its 

span. The values of a are given in Table 9.3. They are derived from the results 

reported by Timoshenko (Table 2-3, p76, [841). 

When an imperfect strut is loaded, the lateral restraint force F is found as 
(appendix 3 in [73]) 

F= Cy = Ci(yo + y) (9.77) 

= ciyo 
1 

I- ci/c 

where 

@C is the stiffness of the lateral restraints. 

9 yo is the initial imperfection of the strut. 

9 Cj is the minimum stiffness given in equation 9.76. 

When the bottom flange of a beam with discrete U-frame action is modelled as 
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such a strut that the U-frame restraint to this free Range is sufficiently stiff, equation 
9.77 can be used to evaluate the lateral restraint forces. However, for most beams, 
the lateral stiffness provided by U-frarne, is much smaller than Ci (equation 9.76). 

9.4.3 Assessment of U-frame force 

For composite beams with discrete U-frame action, the flexible U-frame is appropri- 
ate. 

As the bottom flange is modelled as a strut with lateral restraints along its 
length, the effects of the torsional rigidity and the distortion of the cross section of 
a beam can be compensated by introducing the elastic critical stress based on the 
distortional buckling model described in section 9.3. 

For a composite I-section, the stress in the bottom flange can be calculated from 

the bending moment acting on the section, so that the compressive force in the 
flange is known (elastic range). Therefore, the compressive force N in the bottom 

flange is related to the moment on the cross section, M by 

N--M 
N, j Mcr 

where 

* M, is the elastic critical moment of the beam. 

* IVj is the hypothetical elastic critical force for the bottom flange. 

(9.78) 

Lateral restraint forces actually decrease away from internal supports of a con- 

tinuous beam, so that assessment of the U-frame force depends not only on the 

magnitude of M,,, but also on moment gradients. Equations 9.66,9.67, (or 9.69 and 

9.70) and 9.75 provide general expressions of F,, INO in different conditions (elastic 

and ultimate plastic states), but they do not reflect that variation of lateral restraint 

forces along the beam length. 

Tests on discrete U-frame beams (specimen U5) show that the discrete U-frames 

(stiffeners) closest to the supports were subject to larger lateral forces than those 

frames further away, because failure of U-frame connections occurred at these sec- 

tions rather than at the sections far away from the central supports. A test evi- 

dence is that lateral deformation of bottom flanges mainly occurred in regions close 

198 



to the supports (the maximum hogging bending moment). When lateral buckling 
initiated(stage 26), at positions of U-frames closest to the supports, the ratios of 
F,, IN,,,., (N,,, ý is the maximum compression force in bottom flanges) were 0.8% 

and 0.5%, for U-frames with double sided stiffeners and single sided stiffeners re- 

spectively(see chapter 8). 

Although these test results do not tell the exact distribution of lateral restraint 
forces in the beams (U5A and U5B), they suggest that advantage be taken in as- 

sessment of U-frame force. Therefore, following assumptions are made: 

im at each U-frame section, the ratio F,, (, )INi is proportional to the value of F,, INo 

given by equations 9.66,9.67, and 9.75, where F.,, (j) is the lateral force at the 

position of U-frames, and Ni is the compression force in the bottom flange at 

the same position, 

*a uniform compression force Ni is assumed between every two U-frames as 

shown in Fig. 9.10. It is taken as a mean value of the compression forces at the 

locations of the two adjacent U-frames. 

e the lateral buckling length is vý2-lei so that in the elastic range, equation 9.67 

(hence equation 9.70) is generally applicable, with elastic critical load N,, (NI) 

relevant to its corresponding moment gradient, or with ratio NINj determined 

by equation 9.78. 

According to these assumptions, the lateral force decreases further away from 

internal supports of a continuous beam, depending on the moment gradient in the 

beam. If Ni at the positions of a U-frame is no longer a compression force, it does 

not mean the lateral force F,, is zero, but suggests that F,, is so small, that strength 

of U-frames does not govern. 

When M,, is smaller than M., (the yield moment of the cross section), the ratio 

F,, INo (hence F.,, (Z)lNi) is expressed 

F,, 0.00123 
No I- No1Nr 

(9.69) 

where No is the maximum force expected in the bottom flange, IV,, (for uniform com- 

pression) or NI(for distributed compression) is the elastic critical load. Although 
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Ie7 which is used in developing the equation, is irrelevant to M,,, the effects of the 
torsional rigidity and the distortion as well as the moment gradient can be compen- 
sated more or less by using M, evolved from the distortional buckling model. The 
lateral U-frame force F,, (i) is then determined. 

When M, is greater than M., F,, can be evaluated as about 1.5% of the maxi- 
mum compression force (taken N. ), based on the upper bound approximation. This 

ratio actually takes account of about 80% post-ultimate bending strength of a beam. 

The lateral force F,, (j) is then calculated according to this ratio. 

9.5 Design method for distortional lateral buck- 

ling of discrete U-frame composite beams 

The design method proposed here is for the composite beams with discrete U-frames 

equally spaced along the beam length. The moment gradient is also considered, and 

the ratio of LIL,, should be greater than 10. 

9.5.1 Transverse stiffness of U-frames 

Fig. 9.4 illustrated the cross section of an inverted composite U-frame beam. The 

transverse stiffness per unit length of the beam, ko is defined (referred to equation 

8.13) by 

ko ki k2 k3 
(9-79) 

where kj, k2 and 
k3 are the transverse stiffnesses of the web, the slab and the 

connection, which comprise the U-frame given by 

and 

ki - 
3EI, (9.80) 
h, L,, 

k2 
- 

4EI2 
B 
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for a slab continuous across the steel beam or 

k2 
- 

2EI2 
(9.82) B 

for a simply supported or cantilever slab. and 

I bbf hdE,, N k3 
=-- (9-83) f, Lu 30OLu 

A similar approach to equations 8.14,8.15, and 8.16 is used in deriving equations 
9.80,9.81(or 9.82) and 9.83. But in equations 9.80 to 9.83, d, 31d 2 and d, 2/d22 are 2 

replaced by h, (Figs. 8.10 and 9.4). EI2 in equations 9.80 and 9.81 based on per unit 
width is also different that in equation 8.9, which is for per effective U-frame. 

The properties used in the above equations are as follows: 

e Ej E,,, are Young's modulus for steel and the short-term elastic modulus for 

the concrete, 

* 11 is the second moment of area of the effective stiffened section about the 

vertical axis of bending, including a width of web plate of up to 16 times of 
the web thickness on each side of the stiffener, 

e EI2 is the 'cracked' flexural stifFness per unit width of the composite slab, and 
12 should be taken as the lower of 

- the value at midspan, for sagging bending; 

- the value at an internal support, for hogging bending. 

with a width of the slab on either side of the U-frame, equal to B18, or L.,, /2, 

whichever is less, 

o L,, is the distance between U-frames, 

* h, is the distance between the shear centres of the flanges of the steel member, 

oB is the distance between centers of adjacent beams, 

o bf and tf are the breadth and thickness of the steel flange, 
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o b, is the breadth of the web stiffener, 

* hd is the overall height of the studs, 

*N is the number of the effective connectors within a longitudinal distance 21, 

of the nearest part of the web stiffener. where 

In 28bf (L ) 
1.4 

(9.84) 
bf 

9.5.2 Strength of U-frame connections 

The strength of a discrete U-frame connection should be checked both for shear 
failure and the top flange failure. 

The shear strength of the U-frame connection is 

Mprl 
Vcr a, 

_ (9-85) 
1-a, 1B 

and the strength of the top flange is 

Mf = 1.414bf t2 (9.86) f fy 

where V,, is the characteristic shear resistance of the concrete slab, which is calcu- 
lated from [71] 

Vcr = -ý, h, bef f TRd(I. 2 + 40p) (9.87) 

with the properties of the parameters 

* h,, b, ff are the effective depth and breadth of the slab. 

o rRd is the basic shear strength, given in Eurocode 2, including a partial safety 

factor ^ý, = 

e is the tensile reinforcement ratio in the slab. 

and a, is effective distance between the studs, which is proposed to be two-thirds of 

the width of flange that is stiffened [711, 
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9.5.3 Elastic critical moment -a lower bound energy ap- 
proach 

As discussed in section 9.3.2, the potential energy of a discrete U-frame beam can be 

modeled as that for a beam with continuous U-frame, provided that the assumption 
of smearing U-frarnes over their spacing is valid. In the notation of EC4 [1], the 

elastic critical moment is found as in eq-9.25. 
The notations of the parameters are the same as those for continuous U-frame 

beam, except that ko is the transverse stiffness of the discrete U-frame, calculated 
by eq. 9.79. 

9.5.4 Design curves for distortional lateral buckling 

For design, the effects of inelasticity, residual stress and imperfections are repre- 

sented by a curve of Perry-Robertson type, which gives a design stress or resistance 

as a function of the relevant slenderness parameter, based on the elastic critical 

stress. 
The design curves based on non-distortional lateral buckling of steel I-sections 

are well authenticated in current and draft codes of practice. However, not enough 

test results are available for distortional lateral buckling, to enable a design curve to 

be deduced, so that it is assumed that the design curves for non- distortional lateral 

buckling are valid also for the distortional lateral buckling. This is checked against 

the few available tests on distortional lateral buckling, with the elastical critical 

moment based on the distortional buckling model. 

9.6 Discussion and comparison 

The transverse stiffness of U-frames ko is related to the stiffness of lateral restraint 

to the bottom flange (BEF theory), c by 

2 Ch 2 

ko = chS = Lu 
, (9.88) 

The final expressions of the bifurcation load from the BEF theory and from the 

distortional buckling model are quite similar. 
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When the beam length is very long, or GI,, t << koL'Ir', eq-9.25 is simplified as 

Mcr 
7r ýFkoEI,, f, (9.89) 

On the other hand, introducing 77, the distributed compression compensation factor, 
the critical load Nj from the BEF theory, is written as 

2 VE-Ic 2 
Vqýý fý, ko N, j 2 71 2h, pko (9.90) 

where the relationships of I=I,, and c= CIL,, = kolh' are used. S 
For uniform compression in the bottom flange(or constant bending), q=I and 

C4= 6.2, and this leads to 

M, r-%j 2k, VToEl: 
ff, (distortional buckling model) (9.91) 

and 
N, j =2 

ýkoElq, (BEF theory) (9-92) hs 

This similarity of the buckling loads is owing to the similar treatment of the lateral 

restraints from the U-frames. However, the distortional buckling model is much 

more comprehensive, because it includes the cross section shape factor k, and web 
distortional effect, which is reflected in C4, especially when non-uniform bending is 

considered. 
The effect of moment gradient is introduced byC4 in Eurocode 4 method. It is 

similar to factor 77, introduced in section 9.2. When these two theories are used, it 

(the effect) is expressed 

Mcr C4 

M, rO 6.2 
(9-93) 

where M,, O and 6.2 are elastic critical moment and value of C4 under uniform 

bending moment, and 

N, j I 
N, q2 

(9.94) 

Assume that moment M on a composite beam is proportional to axial force 
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in its bottom flange, then it leads to an equivalent ý based on 
C4: 

7jec4 
L2 

(9.95) 
Fý42 

Comparison of the two 77 is shown in Fig. 9.11. For each corresponding loading, 

the Eurocode 4 method gives a higher value of 71 (from C4). They all correspond to 

a #L between 2 and 3 on the curves based on the BEF theory. Thereason is that 
the former method(EC4) takes account of web distortion, torsional rigidity, cross- 

section shape etc, while the latter method(BEF) only models the bottom flange. 

Therefore, the EC4 method is more rational, and less conservative. 
The application of the BEF theory to the discrete U-frame beams is governed by 

eq. 9-6 (or V2-1, > 4L,, ), so that whenever the lateral stiffness of the U-frame at the 

bottom flange level(a strut in the BEF model) is less than the minimum stiffness 
3 

required (a variation of equation 9.6, C< Ci = 0.38 Elýf, lLuj I=If, ), accurate 

results can be obtained from the BEF model. The stiffness C (U-frame) consists of 

three parts contributed from the slab, the stiffened web and the U-frame connection. 

For a specific U-frame, suppose the stiffness C is one third of that of the stiffened 

web C,,, which is written as 

E 1, (9.96) 
3 hs 

then it leads to 
is 

< 0-38( 
h)3 (9-97) 

I,, f ý' L,,, 

The approach of using distortional buckling model reveals a criterion of LIL. " > 

5- 10 for the validation of smearing U-frames over their spacing. LIL, ' > 10 

for the validation of smearing U-frames over their spacing. In design practice, the 

span/depth ratio of a beam (L/(h, + h, )) ranges from 15 to 30, and assuming h, is 

1/4 h,, (h, is depth of the concrete slab), then the range for L,, Ih, is 

L,,, 
< 1.875(L,,, /h, + hc = 15) - 7.5(L,, Ihs + hc = 30) (9.98) 

hs 

In design practice, L,, Ih, ranges from I to 2.5 (considering shear), so that the 

condition of smearing U-frames is usually satisfied. 
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9.7 Summary of conclusions 

The validation of using BEF theory is governed by the transverse stiffness of U- 
frames. 

The elastic critical loads benefit from the distributed compression. A param- 

eter q based on the relevant numerical studies of struts with varying compression 
is introduced to modify the present BS5400 method for the prediction of critical 
buckling stress. 

The design method for continuous U-frames is developed to cover the discrete 

U-frame beams. The transverse stiffness of a U-frame is assessed in accordance with 
the relevant contributions from the slab, the stiffened web and the connection. 

The U-frarne force is influenced by the U-frame stiffness, the moment gradient, 

and the magnitude of the elastic critical stress in the bottom flange. When the stress 
in the bottom flange is beyond yield, the ultimate U-frame force is found, based on 

an upper bound plastic mechanism. 
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Table 9.1: Elastically supported column subject to a varying axial force(A, I) I 
OL 1 2 

Case 
3 4 5 

0 1.000 1.881 2.355 5.824 2.835 
1 1.010 1.899 2.376 5.856 2.860 
2 1.164 2.166 2.694 6.309 3.235 
4 3.628 5.472 6.450 11.06 8.044 
6 7.326 10.91 12.86 20.06 19.48 
8 13.67 18.06 20-91 30.99 33.16 
10 20.41 26.92 30.75 43.62 47.21 

12.5 31.66 40.41 45.51 61.89 66.65 
15 45.79 56.56 63.00 82.97 88.86 

17.5 62.75 75.35 83.20 106.8 113.9 
20 81.63 96.78 106.1 133.5 141.7 

Table 9.2: Calculated n for varviniz axial force 

OL 2 
Case 

34 5 
0 0.729 0.652 0.414 0.594 
1 0.729 0.652 0.415 0.594 
2 0.733 0.657 0.430 0.600 
4 0.814 0.750 0.573 0.672 
6 0.819 0.755 0.604 0.613 
8 0.870 0.809 0.664 0.642 
10 0.871 0.814 0.684 0.658 
15 0.900 0.853 0.743 0.718 
20 0.918 0.877 0.782 0.759 

Tnl-dr-ý Q I- VqlilpQ nf rv 
2 3 4 5 6 00 
3 3.41 3.63 3.73 3.80 4 
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Chapter 10 

Conclusions and design 

recommendations for composite 
beams with U-frame action 

10.1 Summary of conclusions 

Distortional lateral buckling was found in the tests of the two composite beams with 
U-frame action. Web distortion was effectively reduced by the vertical web stiffeners, 
which form a part of discrete U-frames together with the reinforced concrete slab 
and the shear connection between the steel top flange and the slab, so that the 

stability of a beam against the lateral buckling was much enhanced. 
For specimen U4, a composite beam with continuous U-frame action, distortional 

lateral buckling was found prior to local buckling. The cross bracing to the bottom 

flange in the hogging moment regions are proved to be effective. 
When the beams (U4A and U4B) were not braced, lateral buckling initiated 

(support moment = 218 kN/mm' U4B) before local buckling, but it did not govern 
failure of the specimen, because the beams were still capable of further loading up 
to a higher support moment (316 kN/mm' U4B) before the specimen was unloaded. 
Slight web local buckling was also observed before the beams were unloaded near 

the support regions. Therefore, the ultimate bending strength of the specimen is 

believed to have been governed by local buckling, relating to the slenderness of the 

cross section, rather than lateral buckling. 

For braced beams, lateral buckling is governed by the interaction between the 

two adjacent segments separated by the braced cross section. It is suggested that in 

design for distortional lateral buckling of a braced beam, account should be taken 

of the upper and lower bounds of buckling resistance of each segment. 

For specimen U5, a composite beam with discrete U-frame action, distortional 

lateral buckling was mainly concentrated within a length about three times the 
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depth of the steel section close to the internal support. The measurement of strain 
in the studs above the steel top flanges of stiffeners that are close to the support 
section and comprise discrete U-frames, shows that the U-frame restraint force in- 

creased proportionally with the support moment M (and hence with the main load) 
before buckling failure of the beam. No significant U-frame force was found even 
at the onset of the buckling (lateral or local), however, the force was observed to 
be increasing steeply when the ultimate bending strength of the beam had been 

reached. The lateral restraint force provided by a U-frame is also influenced by the 

stiffness of the U-frame. It was found in the tests that the less stiffer the U-frame 
has, the smaller the U-frame force is. The U-frame connection between the slab and 
the top flange failed after maximum moment had been reached. 

Similar to specimen U4, the ultimate strength of specimen U5 is governed by 

local buckling rather than lateral instability, although these two buckling modes 

may associate with each other. The moment rotation curves of the two specimens 

are so similar that it is likely that local buckling governs the design of composite 
beams in hogging bending. 

Both specimens U4 and U5 have the identical cross section, which is classified 

as Class 4 cross-section in accordance with Eurocode 4: Part 1 [11, or specifically, 
Class 1 for flange and Class 4 for web. The web is more vulnerable to local buckling 

than the flange, and this was confirmed in the tests. Local buckling did not occur 
in either specimen until after the yield moment was attained at the support section, 

so that the cross-sections behaved better than Class 4 cross-sections. 
The strength of a discrete U-frame is influenced by both shear failure in the 

U-frame connection and torsional rigidity of the steel top flange. The interactive 

mode of the two failures is complex. However, a simple rule to assure the strength 

of the connection is proposed by checking the two different failures separately. The 

prediction of the shear failure of a U-frame connection is based on a truss model 

[71], and the prediction of failure in the steel top flange is based on a rigid plastic 

mechanism, and they were all checked against test results. 

The stiffness of a discrete U-frame depends on the three parts of the frame, i. e., 

the transverse flexure of the concrete slab, the shear connection (or U-frame con- 

nection) between the slab and the steel beam, and the stiffened web. The flexibility 
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of a U-frame connection can be predicted by a semi-empirical formula. 
Theoretical study of the lateral force applied by a U-frame restraint shows that 

although the U-frame force is likely to be influenced by the elastic critical stress 
in the bottom flange, it is governed by the yielding in the flange when the elastic 
critical stress exceeds the yield stress, especially in the U-frames that are close to 
an internal support. The lateral U-frame force is also influenced by the distribution 

of the compression force in the bottom flange, hence by the shape of the moment 
diagram. 

When lateral buckling occurred (stage 26), at the locations of U-frames that 

are closest to the support, the ratio of the lateral restraint force to the axial force 

in the bottom flange, is 0.8% and 0.5% for double sided stiffeners and single sided 
stiffeners, respectively, in specimen U5. 

At the ultimate state(stage 34), when yield governs in the regions of the bottom 

flange, where U-frames are close to the supports, the ratio of the lateral restraint 
force from the U-frames to the axial force in the bottom flange at the location of 
U-frames is 2.6% for the double sided stiffeners used in specimen U5, and 1.1% for 

the single sided stiffeners. This only occurred in these regions because stress there 

exceeded the yield stress. Outside these regions, the U-frame force is influenced by 

elastic critical stress. 
The fact that lateral restraint force is greater in U-frames with double sided 

stiffeners than that in frames with single sided stiffeners also reflects influence from 

spacing of U-frames. These two types of stiffeners on specimen U5 have the same 

magnitude of moment of area about their major axises (parallel to axis of the beams) 

over U-frame spacing (L,,, = 1.2 m and 0.6 m for double and single sided stiffeners, 

respectively), so the conclusion that the less the stiffness a U-frame has, the smaller 

lateral force the U-frame is applied with, is subject to this condition. 

The longitudinal cracks on the slab were also found at the positions above the 

stiffeners closest to the central section. They not only reveal failure of the U-frame 

connections, but also suggest that the further away a U-frame is from an internal 

support, the smaller lateral force the U-frame subjects to. 
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10.2 - Improvements suggested for the current de- 

sign method of composite beams with U- 
frame action in BS5400 

Design procedures for composite beams with U-frame action include determination 

of the elastic critical moment in hogging bending, and of the U-frame stifFness and 
U-frame spacing, and assuring the strength of the U-frame connections. 

The limiting stress ali is used for design to lateral buckling of U-frame beams 

in the Bridge Code [21, in which the free bottom flange is modeled as a strut on 
an elastic foundation, with constant compression along its length. As the effective 
length 1, is only relevant to a situation of constant compression, the effect of the 

non-uniform compression caused by moment gradient is neglected. The factor 77 

used in the Code : [21 to modify the slenderness A (Clause 9.7.1) is based on a steel 
I-section beam, with both top and bottom flange unrestrained, so that it is not 

suitable for composite beams with the top flange restrained laterally and torsionally 

by the slab. 
In order to obtain a less conservative and more realistic method for design of 

composite beams with inverted U-frame action, a new ý is proposed, which is based 

on a column with elastic lateral restraint and varying compressive force along the 

axis [46,481, to include the effect of moment gradient of the beam. The new 77 is 

given in Fig. 9.3, or Table 9.2, in terms #L, which can be interpreted as the ratio of 

the span of the beam to its effective length 1,. 

1, is relevant to the buckling wave length when the compression force in the 

bottom flange is constant. Let us assume that it also applies to the situation of 

varying force in the bottom flange. When the hogging bending moment of a beam 

with U-frame action is designed within elastic range (i. e. the maximum hogging 

bending moment is lower than the yield moment), the lateral force from U-frame 

restraint is expressed by 

le 
C 

6676 uf, 

where 

(10.1) 
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o 1. is the effective length (Clause 9.6.5, BS5400: Part 3), 

e6 is the flexibility of the U-frame (Clause 9.6.5), but with a flexibility of the 
U-frame connection f, given by 

300 fr = b, bf hdE,,,, N 

where 

(8.6) 

- E,,,, is Young's modulus (short-term) for the concrete, 

- bf and tf are the breadth and thickness of steel top flange, 

- b, is the breadth of the web stiffener, 

- 
hd is the overall height of the studs, 

-N is the number of the effective connectors over a longitudinal distance 

21, above the web stiffener, given by: 

In= 28bf (t)1.4 
bf 

* af, is the maximum compression stress in the bottom flange, 

0 O'cr is the elastic critical stress in the bottom flange which is expressed by: 

7r 2 EI 
(77le )2Af 

e where Af is the cross section area of the bottom flange. 

When compressive strain in the bottom flange is designed to exceed the yield 

strain, at the locations of U-frames, the lateral force F,, (i) from U-frames is deter- 

mined bY: 

F,, (i) = aNi 

where 

F,, (j) is the lateral restraint U-frame force at locations of the U-frames. 

(10.4) 
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ea is coefficient depending on the stiffeners. For double sided stiffeners, a is 
0.0225, and for single sided stiffeners, a is 0.013, 

* Nj is the compression force in the bottom flange at the locations of the U- 
frames, 

At locations of the U-frames where stress in the bottom flange is not in com- 
pression, the lateral restraint force F,, (i) can be ignored. 

Lateral U-frame force should be checked against the strength of the U-frame, in 

additional to the lateral loading in accordance with Clause 12.2.2 of BS5400 : part 
3. 

The U-frame force in additional to lateral loading should be also checked against 
the strength of the U-frame connection, A/lp, j and Allf, given by: 

EF,,, h, :ý ! 117,1 

if 

where 

(10.5) 

9 EF.,, h, is transverse bending moment acted on U-frames, which are a summa- 
tion of a U-frame force and the additional lateral loading, 

9 h, is the distance between the steel top and bottom flanges, 

* Mp, l is the transverse bending strength when cracks occur in the concrete of 

a U-frame connection, and it is determined by equation 8.19, 

9 the is the strength of the top flange given in equation 8.30. 

Equation S. 6 nitist be incorporated into Clatise 9.6.5 of BS5400: Part 3 for the 

transverse flexibilih- of' steel-coiicrete. stud connectioiis for symmetric inverted U- 

frames, but not f'or other cotifigm-, -ttioiis of' U-frarne connections. Obviously, the 

U-frame connection is only effective wlien it satisfies the strength requirements. 
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10.3 A tentative design method for distortional 

lateral buckling of composite beams with dis- 

crete U-frame action 

The method of Eurocode 4 for distortional lateral buckling of composite beams, 
(Annex B of Eurocode 4: Part 1[11) is more rational and versatile in treatment of 
lateral buckling of composite beams than the other existing design methods. How- 

ever, it still excludes composite beams with discrete inverted U-frame action. The 
design method proposed here is an extension of the method of Eurocode 4 to cover 
discrete U-frame action. 

The scope of the method is for distortional lateral buckling in composite beams of 
uniform sections. The beam could be either one span in a continuous beam, with full 

lateral restraints at two ends of the span, or a cantilever extension, with full lateral 

restraint only at the support. Discrete U-frames should be equally spaced along the 

span length, and ratio of LIL.,, should be greater than 10, where L is the span of 

a beam, L,, is U-frame spacing. The stiffeners, which comprise a part of discrete 

U-frames are either double sided or single sided. Although in the test specimen(U5), 
from which, the proposed method is developed, stiffeners were fully welded to the top 

and bottom flanges (Fig. 10.1), the method could also be applicable to those beams 

when stiffeners are only welded to the top flange, as shown in Fig. 10.1. However, in 

the latter situation, the gap between the bottom flange and the stiffeners should be 

at least less than a half width of the bottom flange. 

Design for distortional lateral buckling of composite beams with discrete -U-frame 

should be checked with respect to the strength of the U-frame connection. The 

general design criteria relating to the distortional lateral buckling are summarized 

as follows: 

Choose cross sections initially according to the maximum compressive stress 

af, expected in the steel bottom flange. If hogging bending of a beam is 

designed up to the yield moment, the cross section should be chosen as Class 

3 or Classes I and 2. If orf, is less than the yield stress, Class 4 cross section 

can be also chosen. 
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* Calculate the design hogging moment of resistance of the beam. Choose the 
buckling resistance Md, taking account of the Class of the cross section, using 
the relevant design curves for non-distortional lateral buckling, adopted in EC3 

and EC4. Then determineALT. For Class 1 and 2 cross sections: 

ALT ýMý, 
'ý (10.6) Mcr 

e and for Class 3 and 4 cross sections: 

ALT 
1-m-y- 

V Mcr 

where 

- M,, is the elastic critical moment of a composite beam, 

- Mp is the plastic moment resistance of the cross section in hogging bend- 

ing, 

- M. is the yield moment resistance of the cross section in hogging bending. 

e Use IW,, to determine required ko. As usually, GI,, t << koL 2/721 it can be 

assumed that 
k, C4 ýko' E mc 

7r 
laf 

-- 

where 

(10-8) 

- C4 is a property of the distribution of bending moment given in Tables 

B. 1 to B. 3 of Eurocode 4 [11, 

- k, is a shape factor of cross section given in clause B. I. 3 or B. I. 4 of 

Eurocode 4 [1], 

- I,, f, is the second moment of area of the bottom flange about the minor 

axis of the steel member, 

- 1,, t is the St. Venant torsion constant of steel section, 

-E and G are the Young's modulus and the modulus for steel, 

- ko is the required transverse stiffness per unit length of the beam. 
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* Calculate the available ko, where ko > ko. Choose U-frame details(spacing L. 

and size of the stiffeners) to satisfy the above requirement. Transverse stiffness 
ko is defined and expressed as equation 8.13 in the previous chapter by: 

I I I I 
= + + 

ko ki k2 k3 

Change the cross section size if necessary, and repeat the procedure. 

e Check the strength of U-frame connections. The design lateral force for a 
discrete U-frame is determined by: 

- When the maximum compressive strain in the bottom flange is designed 

to exceed the yield strain, at the locations of U-frames, the lateral force 

F,, (j) is 

F,,, (i) = aNi (10.4) 

F,, (j), a and Nj are as the same as those described in section 10.2. 

- When the hogging bending strength is designed within elastic range, the 

U-frame restraint force is expressed by 

F� -- 
AkoLu 1 

1- MhIMcr 

where 

A is the maximum crockness allowed for beams, 

* L,, is spacing of U-frames, 

* Mh is the maximum hogging bending moment in internal supports, 

At the location of the U-frames, where the axial force is tension, F,, is very 

small, so that in these locations, the strength of the U-frame connections does 

not need to be checked. 
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10.4 Further work regarding U-frame action in 

composite beams 

The scope of the work is limited to composite beams of uniform steel cross section 
and having U-frames equally spaced over beam spans. The normal weight concrete 
is also assumed. 

Proposals for further research regarding U-frame action are as follows: 

e Variable depth and U-frarnes unequally spaced Difficulties can arise in 

assessments of hogging bending strength against lateral stability and lateral 

restraint force provided by U-frames, when beams have non-uniform cross- 

section (variable depth in cross-section of steel members as shown in Fig. 10.2). 

Research is also needed to evaluate lateral instability of those beams on which 
U-frames are not equally spaced over beam spans. 

Skew half-through decks In a heavily skewed, simply supported compos- 

ite deck, the 'half-through' trimmer girders are restrained by U-frames that 

consists of edge trimmer web stiffeners and composite deck. However, lateral 

torsional stiffness at two ends of the main girder is much smaller than that in 

internal supports of a continuous beam, where full lateral torsional restraints 

are usually provided. Questions also arise in assessments of hogging bending 

strength and lateral U-frame force by using the present methods (BS5400 and 

Eurocode 4). 

Lightweight concrete Since use of lightweight concrete becomes more and 

more popular in construction practice, questions may also arise whether the 

results for U-frarnes of normal weight concrete can be used for U-frames of 

lightweight concrete. In principle, both U-frames should be the same. How- 

ever, attention should be given to criteria of conditions of full shear connec- 

tions, and strength of discrete U-frame connections. 
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Appendix A 

Manual for programs SCC and 
MRTSCB 

Introduction 

Two programs have been written by the present author for non-linear numerical 

analyses of composite beams. Program SCC (simulation of composite cantilevers) 
is used to simulate the behaviour of composite cantilevers, regarding local buck- 

ling. Program MRTSCB (moment redistribution in two-span continuous composite 
beams) is used to assess the moment redistribution in two-span continuous compos- 
ite beams. They were all based on program BAULS (described in Ph. D. thesis by 

Fan [15] and in a paper by Johnson and Fan [33]. Both programs are written in 

Fortran, and can be executed in any Fortran support computer system. 
Both Programs use subroutine EMPHI (moment -curvature curves), which is de- 

scribed in the note on Program MRFEB [87]. The algorithm used in the two pro- 

grams is described in chapters 3 and 4. Comments are now given with each program 

as follows. 

Units and conventions of sign 

All input and output in N, mm, radian units. All strengths of materials input as 

positive. Hogging moments and curvatures are positive, and so are tensile stress and 

strain. 

x- coordinates run from the internal support towards midspan(MRTSCB), or 

from the support to the free end(SCC), 

oy- coordinates downwards from the top surface of the concrete slab, 

226 



Subroutines and functions 

9 EMPHI - moment- curvature curves (hogging/ sagging), (SCC, MRTSCB), 

e CONF - obtain force at internal support (MRTSCB), 

* ROTOPI - calculating rotation, pre-plastic (SCC, MRTSCB), 

e ROTOP2 - calculating rotation, post-plastic (SCC, MRTSCB), 

9 SECTION - calculating properties of sections (MRTSCB), 

e BMX - function to calculate moment distributions (SCC, MRTSCB). 

Input files 

e Program SCC 

- NB, ES, ERHS, SS 

- CREFNCFL, NW, NHF, BMHS, BMMS 

- BC, HC, BH, HH, ART, YRTARB, YRB, NRS, NPL 

- B(J), H(J), J=I, NPL 

- SYF, SRT, FCU, FRFCEL 

- RPHI, RBMH 

- DLIIPLOD, UNCRI, CRI, NEH, FINCR 

- DB, STARTF 

- STARTM, SMLTRSMDROP 

- HIIH2 

- BMHP 

e Program MRTSCB 

- NBES, ER, AE, HS, SS 

- CREF, NCFL, NW, NHF, BMHS, BMMS 

- BC, HC, BH, HH, ART, YRT, ARB, YRBNRS, NPL 
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- B(J), H(J), J=1, NPL 

- SYF, SRT, FCYL, FRFC 

- RPHIRBMH 

DSPANL, DSPANR, WRA, NEH, NESYINCR 

- RLIMITSTARTF, FMULT 

- STARTM, SMLTR, SMDROP 

- Hi)H2 

Output files 

* Program SCC - BAOUT (data output file) and x. m, y. m (plot files), 

* Program MRTSCB - BAOUT1 (data output file) and plot. m (plot file). 

Notations for variables 

* The following variables are the same as these used in Program MRFEB [87]: 

- NB, ESER, HS, SS, CREF, NCFL, NWNHFBMHS, BMMS, BC, 

- HC, BH, HHART, YRT, ARBYRB, NRS, NPL, B(J), H(J), SYF, 

- SRT, FCUFRFC, EL, RPHI, RBMH. 

* The others are given as follows: 

- DU - L, beam length (SCC), 

- DSPANL, DSPANH - L, and L2, span length (MRTSCB), 

- PLOD - point load(SCC), 

WRA-W2/Wl (MRTSCB), 

UNCRIýCRI -Icr7 
Iun (SCC)j 

- NEH - number of elements (hogging region), 

- NES - number of elements (sagging region) (MRFEB)., 

- FINCR - increment of load factor, 
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- DB - depth of steel section (SCC), 

- RLIMIT - the maximum discrepancy in rotations at the internal support 
(MRFEB), 

- STARTF - initial A for analysis, 

- FMULT - multipler for FINCR(MRFEB), 

- STARTM - factor applied to the initial support moment in analysis, 

- SMLTR - fraction of Mp at which the rograms stop, p 

- SMDROP -fraction of Mp by which the support moment drops, 

- HijH2 - K, and K2 
i 

- BMHP - Mp (hogging), 

- SI)S2 - factors for UNCRI and CRI, in calculating the equivalent. 

Programs control 

The real and elastic curvatures at the moment BMHP give the value of ratio K3 
(for comparison with Ki). If K3 > K1, the falling branch is entered before BMHP 

is reached, and "maximum hinge moment" is out put. 
The programs stop when 

ea bending moment exceeds either BHL or BSL (the maximum values on M10 

curves); 

* the hinge moment falls below 0.8*BMHP (Mp); 

* an iteration fails to converge. 
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Appendix B 

device for measuring lateral 

displacement. of the bottom 

flanges 
A device capable of measuring the lateral displacement of the bottom flanges is 

designed (Fig. 5.14). The measured values by the LVDT transducer are slightly dif- 

ferent from those of ture relative lateral displcement in the bottom flanges, because 

rotation also occurs in the bottom flanges. 

Assume the web distortion is negligible, so that the rotation of the bottom flange 

equals to the rotation of the web. Fig. A. 1 shows the geometry of the device. 

Let 6 be the true relative movement of the bottom flange, b/ be the measured 

movement by the LVDT, and Ab be an error correction. Ab is derived as follows. 

In Fig. A. 1,6A, and6Bare the absolute displacement of the bottom flange in each 
beam (at the intersection of the web and the bottom flange). They are different 

from the measured valuesOf 6A' and6BI, because the positions where measurement 
is taken are different. 

The relation between them can be derived as following; 

for beam A, 
6A 6A f- hAOA 

and for beam B, 

6B 6B' - acosOB - gsinOB (B. 2) 

and also 
+e= aqznOB + h. Bco, 90B (B-3) 

so that it leads to 

6B - 6B' - aco-50B - smOB(asinOB + hBCO-SOB - C-) (B. 4) 
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The relative lateral displacement 6 is 

6 
-` 

6A 
- 6B (B. 5) 

and also 

61ý bA I- 631 (B. 6) 

Therefore, when B>6 and 61, and . 3inO - 01 
0 

A6= 6'-6 (B. 7) 

= 
hAOA + OB(e-- hB 

- 0.5aOB) 

This error correction factor A6 was used in the test data processing. 
For particular, e- hBý A6 is then 

A6 = 
hAOA- 0.5a02 (B. 8) B 

The accuracy of the device is influenced by accuracy in measuring rotation, and 
displacement, as well as dimensions of hA and a. The accuracy of the LVDTs is 

better than 0.01 mm, and that of the inclinometer is better than 0.03 mrad, so that 

the error of the device can be minimized within 0.01 mm (b and hA << I m). 
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6A 

beam A 

OB 

----------- 

beam B 

e 

Figure B. 1: Geometry of the device for measuring relative lateral movement 
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